Structure, magnetic and transport properties of magnetic oxide materials and exploration of magnetic oxides/semiconductor (ZnO) heterostructures by HUANG XUELIAN
 STRUCTURE, MAGNETIC AND TRANSPORT PROPERTIES OF 
MAGNETIC OXIDE MATERIALS & EXPLORATION OF MAGNETIC 




(B.E., UNIVERSITY OF SCIENCE AND 




A THESIS SUBMITTED FOR THE DEGREE OF DOCTOR OF 
PHILOSOPHY  
DEPARTMENT OF MATERIAL SCIENCE AND ENGINEERING  








I hereby declare that the thesis is my original 
work and it has been written by me in its entirety. 
I have duly acknowledged all the sources of 
information which have been used in the thesis. 
 
This thesis has also not been submitted for any 









I feel deeply indebted to several people who have contributed in different ways towards the work 
accomplished in this thesis.  
First and foremost, I would like to express my heartfelt appreciation to my supervisor Prof  Ding  
Jun  in  Materials  Science  and  Engineering  Department  (MSE)  of  National  University of 
Singapore (NUS) for his guidance, inspiration, and encouragement  throughout the course of my 
research. The novel and creative ideas inspired by Prof Ding were indispensable to my research 
during the period of my PhD candidature. Whenever I was in the bottleneck, he always guided 
me with great patience.  Without his guidance and commitment, definitely, I cannot finish my 
thesis.     
Besides, I would like to thank Dr Yi Jiabao, who guided me in experimental work.  He  also  
helped  me  revise  my  manuscripts  and  gave  valuable  comments. I would also like to express 
my apparition to Ms Bao Nina and Dr Zhang Jixuan for SQUID measurement and TEM imaging. 
Moreover,  I  would  like  to  acknowledge  my  research  group  members:  Dr  Herng Tun Seng, 
Dr Zhang Lina, Dr Ma Yuwei,  Mr Yang Yong, Ms Li Tong, and Ms Yang Yang, Ms Li Weimin 
and Ms Lv Yunbo.   
In  addition,  I  would  like  to  acknowledge  National  University  of  Singapore (NUS)  for  
providing  me  the  financial  support an  excellent research environment.   
Last  but  not  least,  I  really  appreciate  the  unceasing  support, faith and advice from my 
parents in China. Special thanks to my friend He Yihan, Tang Chunhua, Lv Weilai and Ho Pin 





The emerging field of spintronics has spurred renewed interest in the magnetic and spin 
dependent transport properties of magnetic oxide materials with a high degree of spin 
polarization. A research into the unique properties of magnetic oxides is one of the most 
important issues for the spintronics application. Besides, the semiconductor spintronics 
integrating memory and logic into a single device makes the investigation of magnetic oxides / 
semiconductors heterostructures for spin injection appealing. This thesis mainly focused on 
fabricating different magnetic oxides thin films, investigating mechanisms for thin film growth 
and magnetic property, as well as the exploration of possible heterostructures. The contribution 
of the work is summarized as below: 
(1) Investigations indicated that the strain plays an important role in determining the 
microstructure, magnetic and transport properties of the magnetic oxide thin films.  
(2) A whole picture of the structure and magnetic properties of half metallic magnetite 
(Fe3O4) thin films deposited on different substrates by PLD in amorphous, textured and 
epitaxial state with different orientations was described. It was found that strong (111)-
texture can be obtained on a variety of substrates no matter they have either a huge lattice 
mismatch or no matching at all with Fe3O4. The (111)-epitaxial Fe3O4 film with a strong 
in-plane compressive strain was achieved on single crystal Al2O3 (sapphire). Significant 
out-of-plane magnetization components were observed in Fe3O4 /Al2O3 as a consequence 
of the in-plane compressive strain. In addition, very high saturated magnetization 
(680emu/cc) of the (001)-epitaxial ultrathin films deposited on (001) MgO substrate was 
achieved. The magnetic and transport properties analysis demonstrated that the substrate-
 III 
induced strain significantly affects the magnetic anisotropy and the magnetic coupling at 
the anti-phase boundaries in the films.  
(3) Iron based magnetic spinel oxide materials for the spin-filtering devices were investigated.   
High quality spinel ferrites thin films such as MnZn-Fe2O4 and CoFe2O4 with unique 
properties were achieved. The ultrathin MnZn-Fe2O4 film with highly textured structure 
on glass substrate possessed an enhanced magnetization; the ~30nm CoFe2O4 films with 
the largest strain was blessed with large out of plane anisotropy with Hc  as large as 10 
KOe. The growth of textured structure and the magnetic anisotropy was attributed to the 
substrate induced strain. In addition, epitaxial γ-Fe2O3 films with a magnetic moment 
close to the bulk value of ∼400 emu cm−3 was achieved onto (001) or (110) MgO 
substrates inasmuch the substrate template effect. The spinel structure of the ultrathin γ-
Fe2O3 films was maintained even if the films underwent a high temperature annealing. 
The thermodynamic consideration describing the epitaxial stabilization phenomenon was 
presented for understanding the grown mechanism. 
The obtained ultrathin films, both ferrites and γ-Fe2O3 have a quite flat surface and high 
resistivity. These results indicated that it is possible to deposit high quality ultrathin 
magnetic oxide films by PLD, which paved a promising way for the applications in spin 
filter devices.  
(4) The perovskite SrRuO3 thin films as ferromagnetic electrode were investigated. Greatly 
enhanced perpendicular coercivity over 2 Tesla in nanocrystalline SrRuO3 thin films on 
quartz substrates was obtained compared to epitaxial thin films on (001) SrTiO3 and (001) 
LaAlO3 substrates. It was shown that a lattice strain may result in reduced Curie 
temperature and enhanced saturation magnetization. The spin glass like behaviors was 
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observed in the nanocrystalline thin films. The augment of the coercivity is possibly 
associated with nanocrystalline nature and the spin glass like phenomena in the films. 
(5) The last part of this thesis extended the study to investigate the possible heterostructures 
formed by the magnetic oxides and conventional semiconductors (ZnO). Epitaxial bilayer 
structures of (111) Fe3O4 / (0001) ZnO on single crystal (0001) Al2O3 substrates, (111) 
CoFe2O4 / (0001) ZnO on single crystal (110) SiO2 substrates and (11-20) ZnO/ (001) 
SRO on (001) STO substrates were achieved. High quality crystalline films with sharp 
interfaces, and rms surface roughness less than 1 nm were achieved. Magnetization 
measurements showed clear ferromagnetic behavior of the magnetite layer with 
saturation magnetization of 380emu/cc at 300 K. CoFe2O4 / ZnO exhibited a large out of 
plane anisotropy due to the nanocrystallized (111) texture and the residual strain. The 
results demonstrated that the magnetic oxide and ZnO system, such as Fe3O4 / ZnO, 
CoFe2O4 / ZnO and ZnO / SRO, is an intriguing and promising candidate for the 
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In conventional electronic devices, the “spin” property of electrons has not been put into any 
practical use. Spin electronics (spintronics),[1,2 ]is an emerging technology which is devoted to 
manipulating electron spin to create electronic devices with novel or superior characteristics, and 
it has attracted considerable attention in recent years. The ‘spintronics’ devices  have the 
potential merits of  non-volatility,  higher data processing speed, less power consumption and  
higher  integration density due  to  a  simpler  device  structure.  
The origins of spintronics can be traced back from discoveries of spin-dependent electron 
transport phenomena in solid-state devices in the 1980s. This includes the observation of spin-
polarized electron injection from a ferromagnetic metal to a nonmagnetic metal by Johnson and 
Silsbee (1985),[3] and the discovery of giant magnetoresistance by Albert Fert et al. [4]and Peter 
Grünberg et al.[5] (1988).  Another milestone for the spintronics is the theoretical proposal of a 
spin field-effect-transistor by Datta and Das [ 6 ] (1990), which opens the gate for the 
investigation of semiconductors for spintronics. 
So far, the most extensively applied spintronics devices are based on giant magnetoresistance 
(GMR) effect and tunnel magnetoresistance (TMR) effect. They are widely used in read heads 
for hard disk drives [7] and magnetic random access memories (MRAM),[8,9] which exploit the 
existence of the two non volatile resistance states. The ferromagnetic materials primarily used in 
first generation spintronics devices are 3d transition metals such as Fe, Ni, Co and their alloys. In 
the diffusive limit, the spin polarization for these materials is always positive and typically close 
to 40%. The magnetic oxide materials with high degree of spin polarization are expected to be 
superior to metals, as they could provide enhanced spin-dependent transport phenomenon. 
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Indeed, spin-dependent conductance has been observed in transport across a macroscopic 
interface between two ferromagnetic oxide elements by controlling the relative orientation of the 
elements in a relatively small magnetic field. Since the first pioneering TMR results obtained on 
tunnel junctions based on manganese perovskite oxides [10], the interest for oxides in spintronics 
has increased at a quick pace.  
This  Chapter  presents  an  in-depth  overview  of  high spin polarization oxide materials and 
their specific applications,  then followed by detail study of some specified magnetic oxide 
materials, which focuses on ferrimagnet Fe3O4 and its derivates (spinel ferrite and gamma Fe2O3), 
metallic ferromagnet SrRuO3. The rest of the review is devoted to the growth methods, structure 
and the strain effect in growing the magnetic oxide materials. 
 
1.1 Oxides in spintronics 
 
Magnetic oxides form an interesting class of candidate materials for stronger spin polarization, 
which have been explored for their novel properties in spintronics. The first approach is to use 
the fully spin polarized oxides as ferro-or ferri-magnetic electrodes in magnetic tunnel junctions. 
The second approach consists in synthesizing new ferromagnetic oxides with high Curie 
temperatures by doping non-magnetic semiconducting oxides with magnetic ions. A third, less 
explored, approach to obtain a strong spin polarization is to use a tunnel barrier of a ferro- or 
ferrimagnetic oxide: this is the spin filter concept. 
 
1.1.1 Highly spin-polarized oxides (half metallic oxides) 
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The spin dependent conduction in spintronics devices such as spin field effect transistors,[6] spin 
valve read heads[11] and non- volatile magnetic random access memory,[8] depends strongly on 
the spin polarization of the ferromagnetic materials constituting these devices. The spin 
polarization (P) of the material is defined by the equation: 
  
             
             
                                                               Eq.1.1 
Where EF is the Fermi level, N is the density of states of majority ( ) or minority     electrons at 
the Fermi level. Figure 1.1 shows the density of states (DOS) of a non-magnetic metal and a 
magnetic metal.  Since the number of spin up ( ) and spin down     electrons are equal in the 
non-magnetic metals, the net spin polarization P= 0. However, for the magnetic metals, the DOS 
at EF is splitting, thus resulting a net spin polarization (    . 
Conventional ferromagnets are based on the 3d transition metals, such as Fe, Co, Ni and their 
alloys. Even though the 3d band is strongly spilt, the conduction electrons are still not fully spin 
polarized since the present of the un-split 4s electrons at the EF.  In 3d transition metals, the spin 
polarization is always positive and close to 40%. 
The ‘half-metallic’ material has an unusual band structure in which only half of the electrons are 
conducting. Only one type of electrons (spin  or spin ) is present at the Fermi level. In this case, 
the polarization is equal to 100%. The existence of this new class of magnetic materials was 
discovered by Froot et. al.[12] in 1983. It has to be mentioned that the definition of the half 
metallicity in terms of band structure can only be strictly applied at 0K. The concept of half 
metallicity can be extended to materials in which the spin up electrons are localized and the spin 
down electrons are delocalized or vice versa. 




Figure 1. 1. The density of state of non-magnetic, ferromagnetic, and half metallic meterials. 
 
Most of the half metallic materials are ferromagnetic oxides, such as CrO2, Fe3O4, and 
La0.7Sr0.3MnO3 (LSMO). The highly spin-polarized property has made them the focus of recent 
fundamental and technological studies in the field of spin electronics. In practical applications, 
the operation temperature should be around or above room temperature. This necessitates the 
Curie temperature (Tc) of the material to be greater than 500K.[13] The Fe3O4 is the most 
promising candidate for incorporation with the spintronics devices for it has the highest curie 
temperature (Tc=860K) compared with other candidates such as CrO2 (Tc=395K) and 
La0.7Sr0.3MnO3 (Tc=360K).  
 
1.1.2 Oxides for spin filtering  
 
The concept of spin filter relies on the use of a ferromagnetic or ferrimagnetic insulating tunnel 
barrier. In an insulating Ferro- or ferrimagnetic oxide, the exchange splitting of the conduction 
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bands results in a different barrier height for spin-up and spin-down electrons. As described in 
Figure 1.2, the combination of a non-magnetic electrode, which acts as an electrons source, with 
a ferromagnetic barrier yields two very different currents for spin-up and spin-down electrons 
due to the different transmission for these two spin directions and thus resulting a strongly spin 
polarized current.  Such a combination makes it possible to artificially reproduce a half-metal.  
 
Figure 1. 2. Schematic diagram of Spin filter tunneling. Below the Tc of the ferromagnetic 
tunnel barrier, the barrier height for tunneling electrons depends on the relative spin orientation. 
Spin up electrons tunnel far more easily than spin down electrons, and a highly spin polarized 
current results. 
 
 One of the most difficulties encountered in spin filtering is synthesizing a very thin oxide layer 
with the proper electrical and magnetic properties. The first experiments validating this filtering 
concept were carried out by Moodera's group [14] using europium chalcogenide (EuS) barriers. 
However, the low Curie temperature of this material (Tc=16 K) excludes it from applications. 
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Then, certain insulating oxides with higher Curie temperatures have been studied. Among these, 
europium oxide EuO (Tc=69 K) as a barrier has been measured, showing a spin polarization of 
conduction electrons of 29% at very low temperature (T=0.4 K).[15] TMR effects have also been 
obtained with ferromagnetic barriers of BiMnO3 (Tc=105K) and La0.1Bi0.9MnO3 by the 
CNRS/Thalès joint research unit,[16,17] who found spin polarizations of conduction electrons of 
respectively 22% and 35%, but still at very low temperature. Another family of oxides is 
currently offering new perspectives for the measurement of TMR effects at room temperature. 
These are insulating ferrites with spinel structures, of chemical formula AFe2O4, where A is a 




, etc.), and whose Curie temperatures are higher than 
room temperature. TMR effects were measured at very low temperatures (4 K) in MTJs with 
tunnel barriers of nickel ferrite NiFe2O4 [18] corresponding to a spin filter efficiency of 22%. 
Despite a Curie temperature well above room temperature (Tc= 850 K), integrating this oxide in 
an MTJ caused spin filtering to disappear at room temperature, pointing to a need for further 
work. More recently, Chapline and Wang [19] claimed the room temperature spin filtering 
effects in cobalt ferrite (CoFe2O4). SPCSI and CNRS/Thalès’ group have reported room 
temperature spin filtering in magnetic tunnel junctions (MTJs) containing CoFe2O4 tunnel 
barriers via tunneling magnetoresistance (TMR) measurements. [ 20 ] All these results 
demonstrate the potential of this oxide for spin filtering. 
 
1.1.3 Diluted magnetic oxides  
 
Due to the advances of the spintronics and semiconductor science and technology, the 
manipulation of the spin degree of freedom of electrons in semiconductors may become possible. 
This may lead to novel devices with dual functionalities—processing information and storing 
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data at the same time. A controllable spin polarization must be created within the conventional 
semiconductors (SC) to make these advanced spin-based devices. This idea has triggered an 
intense activity on doping non-magnetic semiconducting oxides with magnetic ions, the so called 
diluted magnetic semiconductors (DMS). The prototypical DMS is Mn doped GaAs, [21] which 
even nowadays is impossible for real applications for its Curie temperature of 110K. The choice 
of oxide hosts was motivated to a great extend by the prediction of a TC above 300K in Mn-
doped ZnO by Dietl et al.[22] This prediction opened a way to achieve room-temperature 
operation with diluted magnetic semiconductors. Here  we  will  not  review  extensively  the  
growing  field  of  diluted  magnetic  oxides  but focus on some aspects most related  to  their  
relevance for spintronics.  
The first important experimental report on diluted magnetic oxides the observation of a 
ferromagnetic behavior at room temperature in Co-doped (7%) TiO2 by Matsumoto et al. [23] It 
boosted the investigation of the oxide based DMS. Later on, ferromagnetism was reported in Co-
doped [24] and V-doped ZnO [25] and several others diluted magnetic oxides with different 
oxide hosts such as SnO2, In2O3, HfO2, etc. Aligned with room temperature ferromagnetism   
observed or theoretically calculated in transition metals doped oxide films, it seems that high 
temperature ferromagnetism can be achieved in TMs doped oxide. However, the ferromagnetism 
origin is controversial, especially that the observed ferromagnetism using standard 
magnetometry techniques (e.g. SQUID, VSM, AGFM) cannot exclude the extrinsic origin (due 
to the formation of parasitic ferro- or ferrimagnetic phases). The accumulation of experimental 
results has also challenged theoretical mechanisms compatible with the data. This has led to the 
development of novel concepts such as F-center exchange [26] and d0 ferromagnetism [27]. 
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Despite these efforts, the physics of diluted magnetic oxides is not well understood. The 
Ferromagnetic semiconductors being studied are far from viable for the real application. 
Another seemingly straightforward approach for achieving the spin polarization in SCs is to 
inject spin polarized carriers from a ferromagnetic electrode into the SC material. However, there 
are good reasons why this has not yet been realized. The crystal structures of magnetic materials 
are usually quite different from that of the semiconductors used in electronics, which makes both 
materials incompatible with each other. As an alternative ferromagnetic material, magnetic 
oxides are expected to be superior to metals as a spin injection source because of the existence of 
interfacial barriers between the oxide electrode and semiconductor material, which has the 
advantages for efficient spin injection.  Moreover, the Ferromagnetic oxides (FMO) are 
particularly attractive for the heterostructures formation, since there is a plenty of isostructural 
materials with a wide variety of magnetic and electronic properties, which can be seamlessly 
built into complex heterostructures. 
 
1.2 Magnetite (Fe3O4) and derivatives  
 
Over the past few years, intensive studies of ultrathin epitaxial films of perovskite oxides have 
often revealed exciting properties like giant magnetoresistive tunneling [28] and other electric 
field effects. However, the TMR effect based upon the perovskite oxides are all observed at 
temperatures far below the room temperature. It decreased rather rapidly with temperature and 
disappeared at a critical temperature (around 200K) well below the Curie temperature of the 
electrodes (maximized at 360K in LSMO). The iron based spinel oxides (spinel ferrites) appear 
as even more versatile due to their more complex structure, thus resulting many degrees of  for 
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the applications. Besides, the Curie temperatures of the Ferrites are well above room temperature 
(e.g Fe3O4, Tc= 850 K), which makes the investigation of the ion based spinel oxide intriguing.  
The spinel ferrites are materials with rich magnetic and electronic properties. [29] It has been 
reported that novel ferrite thin films with properties dramatically differing from the bulk ones. 
Indeed, some spinel oxides thin films (Fe3O4[30], NiFe2O4[31]) of few nanometers’ thick possess 
a saturation magnetization much more than that of the bulk compound and their resistivity can  
be  tuned  by  orders  of  magnitude,  depending  on  the  growth  conditions. By integrating such 
thin spinel ferrite layers into spin-dependent tunnelling heterostructures, the  versatile  materials  
can  be  useful  for  spintronics,  either  as  a  conductive  electrode  in magnetic tunnel junctions 
or as a spin-filtering insulating barrier in the  spin-filter tunnel junctions. Moreover, as the spinel 
oxide material has an epitaxial relationship with the ZnO, they are very promising to integrate 
with the ZnO as a complementary material to actualize the semiconductor spintronics devices.   
 
1.2.1 Spinel structure of Fe3O4 and Verwey transition 
 
In the spinel structure, the large oxygen ions are closely packed in a cubic arrangement and the 
small cations fill in the gaps, which has a general formulation of AB2O4. Figure 1.3 shows the 
cubic unit cell of a spinel structure, where the “A” sites are tetrahedrally coordinated and the “B” 
sites are octahedrally coordinated to oxygens. The tetrahedral and octahedral sites form two 
magnetic sublattices. The two crystal sites are quite different and result in complex forms of 
exchange interactions of the ions between and within the two types of sites. It can be divided into 
normal and inverse spinel structures depending on the distribution of the divalent 2+ ions on A 
and B sites. In some cases, the divalent ions have a strong preference for the A sites, leaving all 
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the trivalent 3+ ions on the B sites. These structures are called normal spinel. On the other hand, 
if the divalent 2+ ions occupy the B sites, and the trivalent 3+ ions are equally on A and B sites, 
an inverse spinel structure is formed. In addition, there are intermediate cases where the cation 
distribution is mixed and thus resulting in an intermediate spinel structure. Many factors will 
have influence on the distribution of the cations on A and B sites, including the radii of the 
metals, electrostatic energies of the lattice, and the matching of the electronic configuration of 
the metal ions to the surrounding oxygen ions. 
 
 
Figure 1. 3. Schematic diagram of the unite cell of spinel structure. 
 
Magnetite (Fe3O4) is a ferromagnet with inverse spinel structure where the tetrahedral “A” sites 
are occupied by Fe
3+





irons. As derived from the structure of the spinel unit cell illustrated in Figure 1.3, the unit of the 
Fe3O4 lattice consists of 32 closely packed O
2-
 ions embracing 64 tetrahedral and 32 octahedral 
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sites. 1/8 of the tetrahedral (A) sites and 1/2 of the octahedral (B) sites are occupied. Hence, the 
unit cell consists of 32 O
2-
 ions, 16 Fe
3+
 ions and 8 Fe
2+
 ions respectively. 
Magnetite exhibits a characteristic conductivity jump over 2 orders magnitude at Tv=120K. In 
addition to the resistivity changes, magnetite also undergoes a slight crystallographic distortion. 





 ions are randomly distributed over the octahedral “B” sites and the electron 
transport is restricted to the “B” sites only. This permits the valence exchange by means of 
thermally activated fast electron hopping. Upon cooling below Tv, the charge ordering occurs at 
the “B” sites [33] along with the crystal structure distortion. The exact Verwey transition 
temperature however depends on the purity of the Fe3O4 and the crystal defects. [34] 
 
1.2.2 Antiphase boundaries in Fe3O4 thin films 
 
Over the last few decades, great effort has been devoted to Fe3O4 due to its fascinating electrical 
and magnetic properties. Fe3O4 is a ferrimagnet with a Curie temperature of 860 K and is 
expected to have a 100% spin polarization at the Fermi level, making it a strong candidate for 
spintronic devices.[35] Initial attempts in exploiting its half metallic nature in magnetic tunnel 
junctions are discontented, with TMR ratios one order of magnitude smaller than those obtained 
on last-generation MgO-based MTJs. The lower grade tunnel magnetoresistance (TMR) was 
attributed to imperfections of the interface between Fe3O4 and MgO layers, which would alter 
the scattering and the spin polarization. [36] However, transmission electron microscopy (TEM) 
has demonstrated a sharp interface and the magnetic properties of the interface and within the 
magnetic layers did not exhibit significant differences. It is well established that epitaxial Fe3O4 
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films [37] grown on MgO substrates are reported to contain antiphase boundaries (APBs). These 
are stacking defects in the cation sub-lattices of Fe3O4. They are believed to be intrinsic 
consequences of the nucleation and growth mechanism in Fe3O4 films and are independent of the 
deposition technique. Due to a modified cationic configuration at the APBs, the nature of 
magnetic exchange interactions is expected to be altered. The magnetic coupling over a large 
fraction of these boundaries is suggested to be antiferromagnetic (AF) in nature.[38]  
The presence of these APBs defects contributes to the unusual magnetic properties of Fe3O4 thin 
films, such as an increased resistivity with decreasing film thickness,[ 39 ] decreased and   
broadened   Verwey transition temperature,[40] the non saturation of magnetization, even at a 
very high magnetic field. Voogt et al.[41]  and Eerenstein et al.[42] observed super paramagnetic 
behavior in Fe3O4 films. However, Arora et al. showed that the ultrathin Fe3O4 films are 
ferromagnetic and their magnetization is appreciably larger than that of bulk magnetite.[43] It 
was proposed that the miscompensation of spin moments at the surface and APBs are main 
factors contributing to the observed enhanced magnetic moment. The presence of APBs leads to 
a change of magnetic properties; they are also beneficial in attaining a greater MR response 
[44,45] or even change the sign of MR response.[46]  
The APBs can exist with seven different shift vectors in magnetite. They have been observed by 
transmission electron microscopy and by scanning tunneling microscopy. Figure 1.4 illustrates a 
typical schematic for the APBs in the simplest supercell which contains ten (110) atomic layers. 
The {110}(1/4)a0[110] APB is indicated by an arrow. 




Figure 1. 4. A typical schematic diagram for the APBs in magnetite Fe3O4.[47] 
 
There are many reports on the growth of Fe3O4 thin films on different types of substrates such as 
MgO, MgAl2O4, sapphire, Si, or GaAs, using a variety of deposition techniques. The magnetic 
properties are tightly related to presence of APBs defects. Some researchers claimed that the 
APBs can be circumvented by selecting proper substrates or buffer layers [48] or by applying a 
strong magnetic field [49] during the thin film preparation. It is reported that the difference of the 
strained states [50] may also lead to significant different growth defects, i.e., the APBs. However, 
the consistent point of view is not achieved , which prompts us to investigate the growth 
mechanism affecting the performance of the epitaxial thin films (specific defects) for oxide 
based spintronics devices.  
 
1.2.3 Spinel ferrites  
 
Most of transition metals (TM) can form solid solutions with Fe3O4, resulting in TMxFe3−xO4 
spinel alloys with x ranging from 0 to 1, which provides an additional degree of freedom to tune 
their magnetic and electronic properties.[51] Table 1.1 lists the commonly studied spinel ferrites. 
By substitution of Fe ions with transition metal cations, they can form a normal or inverse spinel 
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structure depending on the substitution sites. The main factors influencing the site preference for 
cations are ion size (smaller ions go to tetrahedral sites), valency and electronic configuration. 






 preferentially occupy the tetrahedral “A” 




 have the tendency to occupy the 
octahedral “B” sites thus forming a inverse spinel structure. 
 
Table 1. 1. Spinel ferrites and their structure depending on site occupency. 




























Extensive works on certain spinel ferrites have been carried out for the last few decades, because 
of their theoretical understanding and potential applications. Recently, the spinel ferrite thin 
films, NiFe2O4 and CoFe2O4, have been demonstrated to be useful as spin barriers used in 
conjunction with spin ﬁlters.[ 52 , 53 ]This has brought renewed interest in these doped 
ferrimagnetic ferrite materials. It is believed that this old materials may bring new opportunities 
for spintronics applications. As a result, the low–dimensional ferrites especially the ferrite thin 
films, have attracted much interest for investigation.There have been significant advances in 
understanding the magnetic properties of ferrite thin films that are not found in bulk ferrites. 
Physically the magnetic and electronic properties of spinel ferrites are determined by the cation 
distribution among the tetrahedral (A) and octahedral (B) sites. The growth of low-dimensional 
spinel ferrites of both thin films and nanoparticles has shown the possibility to tune the cation 
distribution, therefore resulting in magnetic and electrical properties drastically different from 
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bulk materials. Besides, the overlying ferrite film on the substrate implies that the film is 
clamped on one side by the substrate. Therefore, the effects of strain and strain relaxation on the 
electronic and magnetic properties have to be taken into consideration. Lüders et al.[54] have 
shown that the conductivity of NiFe2O4 thin films can be tuned over 5 orders of magnitude by 
varying the growth atmosphere. Zhou et al. [55] have found that, in ZnFe2O4 nanoparticles, the 
sites of Fe
3+
 can be changed from A to B sites, resulting in ferrimagnetism. Recently, Fritsch et 
al.[56] have found that preference for the inverse spinel structure is reduced by tensile epitaxial 
strain in spinel ferrites CoFe2O4 and NiFe2O4 thin films, which can lead to strong sensitivity of 
the cation distribution on specific growth conditions in thin films. 
The ferrite thin films under study range from nanocrystalline or polycrystalline to epitaxial thin 
films. The development and refinement of deposition techniques have resulted in the 
convergence of results. In polycrystalline and epitaxial ferrite thin films, electroplating, 
magnetron sputtering, pulsed laser deposition, evaporation, and molecular beam epitaxy have 
been used extensively. Deposition temperatures ranging from 400–600°C and partial pressures of 
oxygen on the order of 10
-5
 torr or less are typical for spinel structure thin films. Depending on 
the choice of substrate and deposition conditions, textured and epitaxial ferrite thin films can be 
achieved. Molecular beam epitaxy (MBE) has been employed by some groups to grow oriented 
ferrite thin films.[ 57 , 58 ] Although PLD is not the method of choice for high-volume 
manufacturing, it is an important research tool because phase space can be investigated quickly.  
 
1.2.4 Maghemite (γ-Fe2O3) 
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Maghemite (γ-Fe2O3) has been pursued since 1940’s due to its application in magnetic recording 
media.[59,60] Recently, γ-Fe2O3 applying to microwave devices has also been investigated 
owing its much higher resistivity compared to that of magnetite Fe3O4.[61] As for the application 
in the field of spintronics, it has been suggested that γ-Fe2O3 can be used as a magnetic 
tunnelling-barrier for room-temperature spin-filter devices. [62,63] In these devices, the spin of 
the current electrons is controlled by an insulator film with an exchange splitting in the 
conduction band, through which tunneling occurs preferentially for one of the spin components. 
Compared with EuO and EuS, etc., the ferrimagnetic insulator γ-Fe2O3, possessing an N e´el 
temperature of 950 K, thus appears to be a promising candidate for the development of room 
temperature spin filter devices. 
  
The γ-Fe2O3 has the same inverse spinel structure as magnetite (Fe3O4). The transformation from 
Fe3O4 to γ-Fe2O3 is accompanied by further oxidation with creation of iron vacancies on the 
octahedral site. [ 64] As a potential candidate for the spintronics applications, it is desirable to 
have the high quality γ-Fe2O3 thin films. Both maghemite (γ-Fe2O3) and magnetite (Fe3O4) 
exhibit a spinel crystal  structure,  but  in maghemite all the iron cations are in the  trivalent  state,  
and  the  charge  neutrality  of  the cell  is guaranteed by the presence of cation vacancies. As 







the brackets ( ) and [ ] designate tetrahedral and octahedral sites,  respectively,  corresponding  to  
8a  and  16d  Wyckoff positions in space group Fd3m. The maghemite structure can be obtained 
by creating 8/3 vacancies out of the 24 Fe sites in the cubic unit cell of magnetite. These 
vacancies are known to be located in the octahedral sites and therefore the structure of 
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As was initially assumed, the cation vacancies were randomly distributed over the octahedral 
sites, the space group of γ-Fe2O3 would be a Fd3m-like magnetite. [65] However, structural 
analysis of the epitaxial film of γ -Fe2O3 revealed that the Fe vacancies are ordered and that the 
unit cell is tetragonal with P43212 symmetry.[66] The first indication of a departure from the 
Fd3m symmetry was reported by Haul and Schoon,[67] who noticed extra reflections in the 
powder diffraction pattern of maghemite. The positions of the vacancies in the fully ordered 
maghemite structure were obtained by Shmakov et al. [68] using synchrotron x-ray diffraction.  
This ordered maghemite structure has the tetragonal space group P41212 with a = 8.347Å and c 
=25.042 Å.   The unit cell is about three times larger than that for Fe3O4 (     ). Recently, the 
vacancy ordering and the electronic structure were investigated by Grau-Crespo et al.[69], 
suggesting that maghemite is a charge-transfer-type insulator with a spin-dependent band gap, 
which confirms its suitability for applications in spintronics. 
 
1.3 Strontium ruthenate (SrRuO3) 
 
Metallic oxide ferromagnets have been a field of great interest since the discovery of colossal 
magnetoresistance in doped rare-earth manganites. Though the initial interest was triggered by 
the phenomenon of colossal magnetoresistance, it was soon realized that the large degree of spin 
polarization observed in many of these oxides also made them potential candidates to explore 
novel forms of electronics where both the charge and spin of the electrons could be used.  
 
1.3.1 Crystal structure 
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SrRuO3 is an itinerant ferromagnet crystallizing in the perovskite structure. It orders 
ferromagnetically below 160 K and has a saturation moment of 1.6µB, [70] which is so far the 
largest known in any 4d ferromagnet. SrRuO3  is thus close to a half metal though the spin 
polarization at the Fermi level Electronic structure calculations have predicted to be P≃-60 % 
[71]. Its good electrical conductivity makes it a material of choice as electrode for ferroelectric 
capacitor measurements. SrRuO3 has an orthorhombic GdFeO3 type structure with lattice 
parameters a=5.57 Å, b=5.53 Å, and c=7.85 Å and a slightly distorted pseudo-cubic perovskite 





p=3.93 Å, α=β=90° and γ=89.6°. Figure 1.5 shows the schematic diagram 
of SrRuO3 crystal structure in orthorhombic unit cell and pseudo-cubic unit cell. 
 
Figure 1. 5. Schematic diagram of SrRuO3 crystal structure in orthorhombic unit cell. The inner 
cube constructed by thick solid lines is the pseudo-cubic unit cell.[72] 




1.3.2 Magnetic properties of the SrRuO3 thin film 
 
Studies of bulk single crystals have shown, that there are two magnetic easy axis along either the 
face diagonals of the pseudo-cubic unit cell, or orthorhombic [100] and [010] directions. 
Magnetic anisotropy in SrRuO3 has been attributed to strong spin orbital coupling. 
For the SrRuO3 thin films, lattice mismatch  and  differential  thermal  expansion  between  the 
film  and  substrate  can  generate  considerable  strain  in  the film, and as a result the properties 
of thin film perovskites are quite different from those of the bulk. Earlier studies have shown that 
strain can suppress the saturation magnetic moment by ~20% and TC by a similar fraction.  
Therefore, the effects of strain on magnetic properties of epitaxial films, particularly 
magnetization, TC , and anisotropy, must be thoroughly studied before device applications can be 
implemented.  
 
1.4 Growth, texture, strain effect of the magnetic oxide thin films 
 
This section gives a brief background to understand thin film growth mechanisms. These 
processes include nucleation, growth, coalescence and thickening.  
Film  formation  occurs when atoms or molecules attach themselves to the substrate and 
aggregate; they tend either  to  grow  in  size  or  disintegrate  into  smaller  entities  through  the  
process  of dissociation depending on the  change  of  chemical  free  energy  per  unit  volume, 
ΔGv.  When critical cluster sizes are sufficiently large, the crystallography of the nucleating 
phase is defined. Nucleation is orientation selective, as specific nuclei crystallographic   
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orientations   will minimize surface and interface energies. The nucleation process can play an 
important role in determining the distribution of orientations in the resulting films. After 
nucleation, the average island size with a system of isolated islands can increase through a 
coarsening process. Considering a fully coalesced polycrystalline films, grain coarsening can 
occur through motion of grain boundary resulting in the shrinkage and elimination of small 
grains which, in turn, result in an increase in the average size of the remaining grains. 
 
1.4.1 Texture evolution  
 
The grain growth in thin films is a coarsening process. As the thickness of films increases, the 
grain grows into films, and the films become textured through the preferential growth of grains 
with crystallographic orientations. From the energetics point of view, the texture formation is the 
minimization energy. One aspect is the surface and interface energy; another is strain energy. In 
terms of energy minimization, the surface and interface energy minimization and the strain 
energy minimization compete in defining the texture during grain growth.  
The driving force arising from the surface and interface energy minimization is  
                s/i    s   i ) /h                                                               Eq. 1.2  
where    s  is  the  difference of  the  average  surface  energy, and    i   is similarly defined as 
the interfacial energy, and h is the film thickness. For polycrystalline films on amorphous 
substrates, interface energy minimization does not favor the growth of grain with specific in-
plane orientation. However, for polycrystalline films on single-crystal substrates or textured 
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underlayers, the grain growth is expected for films composed of grain with 3-dimensionally 
constrained or epitaxial orientations.   
The driving force arising from strain energy density minimization is   
                ε                                                                   Eq. 1.3  
where     is  the  difference  in  the  average  biaxial  modulus  of  the  film  and  the minimum 
modulus. The effective biaxial modulus Mhkl depends on the crystallographic direction (hkl). The 
biaxial modulus for grains with arbitrary (hkl) texture can be calculated using equations given in 
ref.[73]  A transition in dominant texture will occur when  s/i   ; the surface  and  interface  
energy  minimization  is dominating  when  s/i   , for the films with low h and ε; and the 
strain energy minimization will be dominating in thicker films with higher elastically 
accommodated strains, when  s/i    . The strain ε can be varied by varying the deposition 
temperature at which grain growth occurs. So the strain energy minimizing textures are expected 
to be favored during grain growth of films when the films are deposited at low temperatures. In 
sufficiently thin films, surface and interface energy minimizing textures are favored, regardless 
of their strain or thermal history.   
 
1.4.2 Strain formation in thin films  
  
Generally speaking, strain ε  in  thin  films  can  be  introduced  during  and  after  thin films 
deposition. These are established when the constraint from the substrate forces the atoms in the  
film  to  maintain  a  spacing  different  from  their  equilibrium  positions  under  the ambient 
conditions. [74]   
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The  simplest  conceptually  strains  that  occur  during  processing  are epitaxial  strains  arising  
from the  heteroepitaxial  growth.  The elastic accommodation strain is   
                     
     
  
                                                                      Eq.1.4  
where as and af  are the lattice parameters of the film and substrate, respectively.   
Another well established strain called thermal strain results from a thermal coefficient mismatch 
between substrates and films. The strain needed to fit the film to the substrate is   
            ε=( αs - αf )·(T-T0)                                                          Eq.1. 5  
where  αs  and  αf  are  the  thermal  expansion  coefficient  of  the  film  and  substrate, 
respectively. T is the current temperature, and T0 is the initiate temperature at which both film 
and substrate are in a strain-free state.    
There are other strains arising during processing which are referred to growth strains. The grain 
growth, the sintering and drying of powder compacts and the introduction of defects and dopants 
[75] would always introduce growth strain. Another  source  for  the  growth  strains  is  from  
the deposition  process  itself.  Because the  temperature  for  film  deposition  is  often  far below 
the melting  temperature  of  the  material.  The  deposition always  occurs  under  highly non-
equilibrium  conditions;  the  atoms  are  insufficient  mobile  to  attain the minimum energy 
positions during depositions. In this case, the sign of the strain depends on the nature of the 
deposition.  Films produced by sputtering tend in compression strain state,  since  newly arriving  
atoms  are  forced  into  places  where  they  do  not  belong to.  On  the  other  hand,  films  
produced  by chemical  vapor  deposition  (CVD) are  initially always in tension, as a result of 
the departure of by-products of the deposition reaction.  




1.5 Motivation and Objectives 
 
As aforementioned, the active search for materials that benefit for spitronics is under way.  The 
hot issues and challenges in this research community include: 
(1) The magnetic oxide materials with high degree of spin polarization are expected to be 
superior, as they could provide enhanced spin-dependent transport phenomenon. Since 
the record TMR values was observed using half-metallic oxides, the research on the 
highly spin-polarized ferromagnetic oxides, such as CrO2, Fe3O4, and La0.7Sr0.3MnO3 
(LSMO), have been the focus of recent fundamental and technological studies. 
Manganite-based tunnel junctions have shown a vanishingly small TMR at 300K and are 
thus not usable for applications. Fe3O4 is most promising for its higher Tc around 860K. 
However, Room temperature results using the half metallic Fe3O4 are still modest, [76] 
with TMR ratios one order of magnitude smaller than those obtained on last-generation 
MgO-based MTJs.[77] The structure defects APBs are observed in the Fe3O4 films, 
which may be the reason for the inferior spin polarization and TMR value. Therefore, it is 
crucial for further fabrication and investigation the magnetic oxide materials in thin film 
form. This may shed light to the possible future use of these magnetic oxides in 
spintronics devices. 
(2) There are a lot of isostructural materials with the half metallic Fe3O4 having a wide 
variety of magnetic and electronic properties. The ion based spinel oxides, appear as 
versatile due to their complex structure and the resulting many degrees of freedom. This  
versatile  material  can  be  useful  for  spintronics by integrating into the spin dependent 
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heterostructures,  either  as  a  conductive  electrode  in magnetic tunnel junctions or as a 
spin-filtering insulating barrier in the little explored type of tunnel junction called spin-
filter. It has been reported that several magnetic oxides, such as EuO, EuS have been used 
as magnetic insulating barriers in spin filters devices. However, the working temperature 
is always around several Kelvin, due to the low Tc of these materials. Therefore, the 
spinel ferrites under investigation are promising. Actually, some spinel ferrite (NiFe2O4, 
CoFe2O4) and γ-Fe2O3, have been used as magnetic insulating barriers in spin filters 
devices. Furthermore, spinel is a complex crystal structure, with many degrees of 
freedom available to engineer physical properties. Yet, their study in thin film form has 
not been so intensive and  much  remains  to  be  learnt  concerning  their  properties  in  
low  dimensions  and  their potential in heteroepitaxial architectures.   
 
(3) Furthermore, the concept integrating memory and logic into a single device makes the 
investigation semiconductor spintronics appealing. To actualize the spintronics in the 
semiconductors, one must be able to make the nonmagnetic semiconductor to be 
ferromagnetic. Because of the controversial origin of the ferromagnetic behavior by 
doping magnetic elements in DMS, the ferromagnetic semiconductors being studied are 
not viable for the spintronics application. The  demonstration  of  spin injection  into  
semiconductors  by  a  variety  of  mechanisms  raises  the  possibility  of  some degree of 
integration with traditional, charge-based devices. The ferromagnetic/semiconductor 
FM/SC has attracted great interest due to their potentialities for spintronics applications. 
Although theoretical calculations indicate the high degree of spin polarization and 100% 
magnetoresistance, in experimental the heterostructure performance is trailed off by a lot 
of factors such as the roughness and the conductivity mismatch of the interface. The 
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investigation of magnetic oxides and conventional semiconductors (high spin polarization, 
small conductivity mismatch) for spin injection is thus intriguing   and   promising.  
 
(4) The strong  sensitivity  of  the  physical  properties  to  structural  modifications  often  
reveals unexpected  behavior  in  strained  thin  films  or  at  the  interface  between  two  
adjacent layers. Understanding the theory behind may provide guidelines for further 
design and fabrication of spintronics devices. In this thesis, the structure and the strain 
effect will be taken great consideration in determining the physical properties of the 
magnetic oxide materials and the heterostructures. 
 
The overall purpose of this project was to investigate the novel application-related unique 
properties of high spin polarization oxides materials such as Fe3O4 and SrRuO3 (conductive  
electrode), γ-Fe2O3 and spinel ferrite (spin-filtering insulating barrier), in a thin film form, as 
well as explore some magnetic oxides/ZnO heterostructure for some simple prototype of 
spintronics devices. The specific objectives were:  
(1) A systematic study on synthesis of magnetic oxide materials such as Fe3O4 and SRO 
(conductive electrode), γ-Fe2O3 and spinel ferrite (spin-filtering insulating barrier) via 
Pulsed laser deposition technique. Investigate the growth mechanism of thin films from 
amorphous, isotropic polycrystalline, highly textured and epitaxial inasmuch as the 
temperature, substrate and the strain effects etc; get in-depth understanding of the relation 
between the growth condition, microstructure and the physical properties. 
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(2) To explore the feasibility of achieving high quality half metallic Fe3O4 thin films, high 
quality SRO thin films as conductive electrode for potential application in spintronics. To 
explore the feasibility of achieving the insulating magnetic oxide materials (spinel ferrite) 
for spin filtering barrier. To study their unique magnetic and transport properties of the 
thin films. 
(3) Exploration of novel oxide heterostructues  such as Fe3O4/ZnO, SRO/ZnO, CoFe2O4/ZnO, 
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Chapter 2 Thin film Preparation and Characterization Techniques  
 
 
2.1   Thin film deposition: pulse laser deposition (PLD) 
 
Pulsed laser deposition is a well-established thin film deposition technique for growing high 
quality films. It has gained great attention in the past few years for its ease of use and success in 
depositing materials of complex stoichiometry. PLD was the first technique used to successfully 
deposit a superconducting YBa2Cu3O7 thin film [1]. Comparing with other deposition techniques, 
such as molecular beam epitaxy (MBE) and Sputtering, PLD has striking advantages including 
simplicity and versatility of the experimental set-up, excellent  controllability  of  the  film  
composition,  relatively low cost, fast and high quality of deposited film.  All these made PLD a 
very competitive technique for the growth of thin films with complex stoichiometry. Besides, the 
targets used in PLD are much smaller than other sputtering techniques. Hence, it is quite easy to 
produce multi-layer films by sequential ablation of targets. However, the high degree of 
directionality of the laser plume makes the growth of uniform films over a large area challenging. 
Nevertheless, the PLD technique is still a desired choice for thin film research.   
 
2.1.1   Set-up of PLD system  
 
The PLD system set-up in this study is illustrated in Fig. 2.1. The equipment consists of a 
vacuum chamber with vacuum pumps (mechanical pump, molecular pump), an excimer laser 
source and guiding optics, a target holder and a rotating substrate holder.   
 




Figure 2. 1. Schematic diagram of PLD system.   
 
The main vacuum chamber is pumped by a turbo-molecular pump (UMU520H) and a MD4 
membrane pump (oil-free roughing). The optimal base pressure can reach 5×10
-8
 Torr. A 
convectron (10 mTorr ~ 1atm.) and a cold cathode vacuum gauging (1×10
-10 
Torr ~10 mTorr) are 
used to monitor the pressure inside the chamber. The working gas pressure of the chamber is 
tuned by introducing of foreign gases such as N2 or Ar through a flow-meter. A fine and coarse 
valves attached to a flow-meter are used to adjust flow rate. 
A KrF excimer laser (Lamda Physik Compex 205), operating wavelength of 248 nm which falls  
into an  UV  region, with a repetition rate from 1 Hz  to 50 Hz and pulsed duration of about 23 ns, 
is equipped in our lab. The laser beam is guided through a focusing lens (f = 50 cm). The high 
quality of film deposition demands a uniform and focused laser beam. A set of optics (lenses) is 
placed between the laser sauce and the deposition chamber to steer and focus the laser beam 
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before ablating the target.  The target is mounted on the rotating target holder which is driven by 
a small DC motor. By mounting at most six targets on the holder, multilayer structures can be 
achieved by sequential ablation of targets without breaking the vacuum. The load lock system is 
applied to transfer substrates without opening the main chamber. The substrates are mounted on 
a spring-loaded susceptor plate, which is fixed on a heating block. The substrate temperature can 
be controlled from room temperature up to around 1000 °C. 
 
2.1.2   Mechanism of film growth using PLD  
 
In general, PLD is one kind of physical vapor deposition. The film growth can be described by 
three physical processes: 
(1) Laser ablation of the target material and creation of plasma  
Ablation  of  a  target  is  caused  by  the  high  energy density laser  towards  the  surface of the 
target. The incident laser pulse penetrates into the surface of the target within a certain 
penetration depth, which is generally in the region of 10 nm for most solid targets.[2] The high 
electrical field generated by the laser beam is sufficient to remove the electrons from the target 
sauce. The free electrons then oscillate within the electromagnetic field of the laser beam. Once 
the free electrons collide with the atoms of the bulk material some of their energy are thus 
transferring to the lattice of the target material within the surface region.[3] The surface of the 
target is then heated up and the material is vaporized. The evaporated species with highly excited 
and ionized atoms present themselves as a glowing plasma plume in front of the target surface. 
For the high energy of ablated materials, deposition of crystallized films tends to demand lower 
substrate temperature than other film growth techniques.  
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 (2) Dynamic of the plasma plume 
The highly energetic species of the plume expands in forward trajectory towards the substrate. 
The spatial distribution of the plume is dependent on the background pressure inside the PLD 
chamber.  After ablation in vacuum, the plume is very narrow and forward directed; almost no 
scattering occurs with the background gases. With increasing the pressure, a splitting of the high 
energetic ions from the less energetic species occurs. A more diffusion-like expansion of the 
ablated material appears when high pressure is applied. The most important consequence of 
increasing the background pressure is the slowing down of the high energetic species in the 
expanding plasma plume.  
(3) Film condensation on the substrate 
The dissociated species impinged onto the substrate surface are highly energetic. These energetic 
species are subsequently landed onto the substrate, either coalescing with other mobile particles 
for nucleation or re-evaporated from the substrate.  Small clusters are formed through nucleation. 
After that, the arriving particles can directly attach to these clusters.  On the other  hand,  the 
particles  in  the  clusters  may  also dissociate  and  re-evaporate  to  the  ambient.  The balance 
of the incidence and re-evaporating process is eventually determined by the Gibb’s free energy 
of the system and determines the film growth rate.  The schematic diagram for the nucleation and 
film growth is illustrated in Fig.  2.2.   
 




Figure 2. 2. Schematic diagram of thin film condensation process.   
 
This stage is crucial to the formation of high quality thin film. Several  parameters  need  to  be 
optimized  for  specific  material  growth,  such  as  substrate  temperature,  laser energy density 
and frequency, background pressure, and target to substrate distance . 
 The high quality film growth is depending on the diffusion of the ablated atoms. Normally, the 
atoms will diffuse through several atomic distances before reaching a stable position on the fresh 
formed film.  High  temperature  provides  atoms with high mobility which gives rise to a rapid  
and  defect  free growth,  whereas  the film growth  at  low  temperatures may resulting in 
disordered or even amorphous structures. To achieve the high quality film growth, the substrate 
temperature should be optimized for different materials.  The laser density and fluence impact 
significantly on the uniformity of the film. The  high laser fluence degrades  the  film  quality  
while  increases  the  film  growth  rate. The increase of background pressure is likely to increase 
the collision between the ejected particles and the ambient gas particles, which retards of 
deposition rate and the merge of particulates resulting in a poor quality of film. Besides, the 
oxygen partial pressure is a particularly important parameter in the growth of oxide films.  The 
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target-to-substrate distance is a parameter that governs the angular spread of the ablated 
materials. It is seemingly that the larger target-to-substrate distance degrades both the film 
quality and the deposition rate.   
 
2.2   Structural characterization  
 
2.2.1   X-ray diffraction (XRD)  
 
X-ray diffraction (XRD) is a non-destructive technique that reveals detailed information about 
the chemical composition and crystallographic structure of materials. XRD is employed in this 
study to identify the crystallographic phases of thin films, to calculate the lattice constants and 
the grain size, to check the preferred orientation of polycrystalline films, to investigate the 
epitaxial relationship of multilayer films and to examine the internal strain inside the films.    
This technique is based on elastic scattering of X-rays with the crystal atoms. If the atoms are 
arranged in an order manner, the scattered X-rays will interact constructively with one another in 
a few directions, producing a diffraction pattern. Bragg's law [ 4 ] is used to explain the 
interference of X-rays scattered by crystalline atoms:   
2dsinθ=nλ                                                                          Eq 2.1                                                                                        
As it is illustrated in Fig. 2.3,  where  n  is  the  integer  number  presenting  the  order  of 
diffraction, λ is the wavelength of the incident x-ray, d is the inter-planar spacing of the 
diffracting plane, and θ is the angle of the incidence relative to the reflecting plane.  Diffraction 
occurs only when Bragg’s Law is satisfied where constructive interference occurs from planes 
with spacing d.          




Figure 2. 3. Schematic diagram of Bragg’s law.  
 
For a polycrystalline powdered material, if the individual crystal is less than 100 nm in size, the 
crystallite size can be estimated using the Scherer equation [5]:  
  
  
      
                                                                    Eq 2.2  
where к is particle shape factor (for spherical particles, к =0.9),  λ  is  the  wavelength  of  the 
incident X-ray beam, B is peak width measured at half intensity (radians), θ is the angle of 
diffraction  and  L  is  diameter  of  the crystallites (Å).    
 In addition, the standard sin
2ψ technique is applied to determine the strain in thin films [6].  This  
technique  is  based  upon  the  measurement  of  the  strain  εhkl corresponding  to  a  specific  
{hkl} plane in the films. The strain can be determined by measuring the change in the inter-planar 
spacing of the corresponding plane.  
         εhkl=(d – d0) / d0                                                                  Eq. 2.3 
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where  d0  is the  inter-planar  spacing  in  the  unstressed  material  and  d  is  the inter-planar  
spacing  in  the  material  under  stress. The relation between this specific strain and the strain 
tensor components with respect to the film coordinate system in the film is: [7]  
        εhkl = (εxx cos
2φ + εxy sin2φ + εyy sin
2φ- εzz)sin
2ψ + ( εxz cosφ+ εyz sinφ) sin2ψ + εzz      Eq. 2.4 
where ψ is the angle between the film normal and the normal of the diffracting plane {hkl} and φ 
is the angle in the plane of the film. εxx and εzz are the in-plane and out-of-plane strain.  In this 
work, Eq. 2.4 can be simplified to a linear relation between εhkl (or d) and sin
2ψ by assuming an 
equal biaxial strain in the film plane.  
εhkl = (εxx – εzz) sin
2ψ + εzz                                                                              Eq. 2.5 
or 
d= d0 (εxx – εzz) sin
2ψ + d0 (εzz  +1)                                                Eq. 2.6 
In this study, the scan with glancing angel configuration (GAXRD) is used to perform the 
standard sin2ψ technique. A Lorentz fit is used to determine the precise positions of the 
diffraction peaks. The measured inter-planar spacings (d) are calculated and plotted versus sin2ψ. 
According to Eq. 2.6, εxx and εzz can be calculated in terms of the slope and intercept of this plot 
if the value of d0 is known. 
In the present study, Bruker D8 (ADVANCE) with monochromatic and Ni filtered Cu Kα 
radiation (λ = 1.54056 Å) is employed for the phase characterization and grain size analysis of 
thin films.  The θ - 2θ scan is conducted, in which  the  X-ray  tube  is  stationary, while the  
sample  turns  by  the  angle  of  θ  and  the  detector  turns  by  the  angle  of  2θ.  According to 
the θ positions of the diffraction peak, crystal phases can be identified according   to   the   
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standard   database   from   the   Joint   Committee   on   Powdered Diffraction Standard (JCPDS). 
Moreover, by comparing the relative peak intensities from various planes with those from a 
randomly oriented reference sample consisting of  the  powdered  bulk  material,  a  qualitative  
evaluation  of  preferred  crystal  plane orientations (texture) can be obtained. The quality of 
texture parallel to the film plane can  be  further  examined  by  the full  width  at  the half  
maximum  (FWHM) of  the  rocking curve (ω scan).  
Glancing angle scan (GAXRD) is useful when the thickness of the film is very small (e.g. 
<10nm), for the θ - 2θ scan would be very noisy. GAXRD performed by fixing the incident angle 
at a  very  small  value  with  respect  to  the  sample  surface, so that only  the  few  tens  of  nm  
beneath  the  film  surface  are  probed,  thus  signal  from substrate  can  be  avoided. It is noted 
that the planes detected by GAXRD are the ones unparallel to the film surface.  High resolution 
X-ray diffraction (Bruker D8 Discover system)  with  the  minimum  step  size  of  0.0001°  is  
used  to  conduct fine analysis including texture, strain, rocking curves, and φ scans for highly 
textured and epitaxial films in this dissertation. 
 
2.2.2   Atomic force microscopy (AFM) 
 
AFM is one of the foremost tools for determining the surface topography of specimens at sub-
nanometer resolution.[8] The precursor of the AFM is scanning tunneling microscope (STM) 
which uses tunneling current to monitor the separation between  a  probe  bearing  a  conductive  
tip  and  the  specimen. AFM  overcomes  the  huge shortcoming  of  STM  which requires  
electrically  conductive  samples. Instead of measuring the current, the information gathered in 
AFM is based upon the atomic force: Van der Waals force, chemical bonding, capillary force, 
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electrostatic force and magnetic force, etc. As it is sketched in Fig. 2.4, a sharp tip mounted at 
the end of a soft cantilever (piezoelectric material, typically silicon or silicon nitride) interacts 
with the surface of the sample. The forces between the tip and the sample generated during tip 
scanning could deflect the cantilever. The defection is sensed  by  a  laser  beam  reflected  from  
the  top  surface  of  the  cantilever  into  a photodiode  array.  The generated electric signal is 
sent to a feedback loop to monitor and adjust tip-sample distance to maintain a constant force in 
between. Finally the force-position information can be converted into a topography image. 
 
Figure 2. 4. Schematic diagram of the AFM. 
 
Three basic imaging modes: contact mode, tapping (semi-contact) mode and non-contact mode, 
are used for the surface analysis. In contact mode, the tip actually makes physical contact with 
the surface. The strong interaction force results in higher image resolution, but  it is  not  suitable  
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for  "soft"  materials  due  to  severe  surface  damage.  In tapping mode, the cantilever oscillates 
near its resonance frequency. When the tip gets close to the surface, it “taps” the surface and the 
amplitude of oscillation decreases. The feedback system adjusts the position of the  cantilever  in  
order  to  maintain  a  constant  oscillation  amplitude.  This  is preferable over  the contact  mode  
as  it  eliminates  shear  forces,  thus  causing  less  damage  to  the  sample surface and the tip, 
and maintains higher image resolution. In non-contact mode, the cantilever oscillates at a 
frequency slightly above its resonance frequency. This latter mode is used for “soft” or liquid 
samples.  In the present study, a DI multimode AFM is employed and all the measurement are 
conducted in the tapping mode. 
 
2.2.3   Transmission electron microscopy (TEM)  
 
Transmission electron microscopy (TEM) by far is the most powerful technique for micro-
structural analysis.  The  most  common  types  of  TEM  have  thermionic  guns  generating 
accelerating electrons through potential difference of 100-300 kV [9].The TEM analysis in this 
study is  performed  using  either  JOEL  3010  or  JOEL  2010  with  an operating  voltage  of  
300 kV  and  200  kV,  respectively.  Both of them   have an energy dispersive analysis by X-ray 
(EDAX) attachment, which can analyze the composition. TEM offers two methods of specimen 
observation: diffraction mode and image mode, which is illustrate in Figure 2.5. In diffraction 
mode, an electron diffraction pattern is obtained on the fluorescent screen, originating from the 
sample area illuminated by the electron beam. The diffraction pattern is entirely equivalent to an 
X-ray diffraction pattern: a single crystal will produce a spot pattern, poly-crystal will produce a 
powder or ring pattern, and a glassy or amorphous material will produce a series of diffuse halos.  




Figure 2. 5. Schematic diagram of diffraction and imaging mode of the TEM. [10] 
 
From diffraction pattern, the inter-planer spacing can be derived using the relation:  
R= λ L / d hkl                                                             Eq. 2.7 
where, dhkl is the inter-planer spacing for a particular set of reflecting planes {hkl}, R is the 
radius of a particular diffraction ring, λ is the wavelength of the electron beam and L is the 
distance between the sample and the back focal plane. If we can measure R and both λ and L are 
constants, then dhkl can be calculated. 
In image mode, the condenser lens and aperture will control electron beam to hit the specimen 
and enlarged by objective and projector lens and form the image in the screen with recognizable 
details related to the sample microstructure. 
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The bright-field and dark-field images are the two commonly images obtained in image mode in 
TEM. They are formed by selecting electron beams using suitable objective apertures. For the 
bright-field imaging, an objective  aperture  is  placed  on-axis  with  the  transmitted  beams  so  
that  only transmitted electrons are allowed to pass through, thus resulting the bright field image 
as illustrated in Figure 2.6. For the dark-field imaging (Figure 2.7), the aperture is placed off-axis 
from the transmitted beams and only allows diffracted electrons to pass through. Dark-field 
images are particularly useful in examining grain size in a crystalline phase.  
 
Figure 2. 6. Schematic diagram of the bright field mode for TEM. 




Figure 2. 7. Schematic diagram of the dark field mode for TEM. 
 
Besides, there is a very important imaging mode widely used in this study, which is called high-
resolution imaging (HRTEM). In the HRTEM mode, a large objective aperture is used which 
allows both diffracted and directly transmitted beams to pass. The image is formed by the 
interference of the diffracted beams with the directly transmitted beam. Generally,  it is more 
difficult  to  obtain  a  clear  HRTEM image  compared  with  BF  and  DF  images. The  samples  
for  HRTEM  imaging  must  be  very  thin  (<10  nm)  in  order  to  permit more electrons to go 
through, typically 500 to 2000 electrons per square Ångstrom. [11] 
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In this work, the specimens were treated with a mechanical polishing followed by an ion milling 
to perform final stage thinning. The Bravman-Sinclair method [12] is used to prepare cross-
sectional specimens. 
 
2.2.4   X-ray photoelectron spectroscopy (XPS)  
 
X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that investigates the 
elemental composition, empirical formula, chemical state and electronic state of the elements of 
a material.  A sample under XPS analysis is irradiated by the monoenergetic X-ray. Mg Kα 
(1253.6 eV) or Al Kα (1486.6 eV) X-rays sources are usually used in the XPS analysis [13]. The 
electrons of the atom absorb the energy of X-ray photons and emitted by the photoelectric effect. 
Due to the small mean free path of electrons in solids, only those electrons located at the 
vicinities around the surface of solids (within 10nm) can be successively collected and detected. 
Ar sputtering is required to collect the photoelectrons from the interior of a sample for analysis 
beneath the surface.   
Each element has a unique XPS spectrum as a plot of the number of detected electrons per 
energy interval versus their binding energy or kinetic energy. The XPS spectrum is obtained by 
measuring the kinetic energy and the number of these emitted electrons. The kinetic energy (KE) 
can be expressed by the equation: 
KE=һυ-BE-φs                                                                                   Eq 2.8 
where һυ is photon energy,  BE is the binding energy of electron, φs is the work function of the 
sample. The XPS spectrum provides direct identification of the elements present in the sample.  
In addition, the chemical states of the present elements can be determined by the chemical shift 
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analysis. Furthermore, the relative concentrations of the various constituents in the sample can be 
quantitatively analyzed by normalization and comparison of the relative peak area of respective 
elements after considering the peak height sensitivity factors.   
In  this  project,  XPS (ESCA LAB 220i-XL) with Mg Kα (1253.6 eV) X-ray source applied  was  
used  for  the  chemical composition  and  chemical  state  analysis.   
 
2.2.5   Raman spectroscopy   
 
Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational, and other 
low-frequency modes in a system. [14] It utilizes the inelastic scattering (Raman scattering) of 
monochromatic light, usually from a laser in the visible, near infrared, or near ultraviolet range. 
The incident light interacts with molecular vibrations, phonons or other excitations in the system, 
resulting in the energy of the laser photons being shifted up or down. The shift of the emitted 
photon's energy gives information about the characteristic vibrational modes in the system. 
If the incident photon transfers energy to the lattice in  the  form  of  phonon,  the emitted  
photon  possesses  lower  energy  (frequency).  This process is designated as “Stokes-shifted 
scattering”.  On the other hand, if the incident photon absorbs a phonon, the “anti-Stokes-shifted 
scattering” takes place then. [15]  During the measurement, a laser beam is incident on the 
sample at right angle to enhance the signal-to-noise ratio  and  the  scattered  light  is  passed  
through  a double  monochromator to  filter out  the elastic scattered light which results in 
scattered light with the same energy as the incident light (Raleigh  scattering).  The Raman-
shifted wavelengths are detected by a photodetector.  
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In   this   project,   Raman   spectra   were   obtained   with   a   laser   Raman microprobes 
(Labram  HR800,    Jobin  Yvon  Horiba).  An  argon  laser  with  the wavelength  of  514.6  nm  
(green  light  region)  was  used  as  the  excitation  source. The spectra were obtained in the 
room temperature with collection duration of 20 seconds and a step size of 0.5 cm
-1
.   
 
 2.2.6 Profilometer  
 
The thicknesses of films are measured using a profilometer. The profilometer measures  the  
surface  topography  with  a  stylus  that  is  dragged  across  the  sample surface with a constant 
load. The fluctuations of the stylus height are recorded as a function of position. The surface 
parameters such as peak-to-valley height and average roughness are calculated by specific 
software. In the present study, a KLA-Tencor P-12EX Disk Profiler was employed.  It scans with 
a stationary stylus and a moving sample stage.  The  scan  speed  can  be  controlled  from  1  
um/sec  to  25  mm/sec.  The error of height measurement is better than 1 nm for films with 
thicknesses below 200 nm. 
 
2.3   Magnetic property characterization  
 
2.3.1   Vibrating sample magnetometer (VSM)  
 
Vibrating sample magnetometer (VSM) is a scientific instrument that measures the magnetic 
properties. The physical principle of VSM is based upon the Faraday’s law of electromagnetic 
induction, which states that the voltage V(t) induced in an electrical circuit is proportional to the 
rate of change of magnetic flux dφ/dt through the circuit. 
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V(t) = - C·dφ/dt                                                               Eq. 2.9 
A schematic set up of VSM system is shown in figure 2.8. A sample is placed in between two 
electromagnets and it undergoes a uniform magnetic field.  As  the magnetized  sample  
oscillates  in  a  sinusoidal  manner in  the  magnetic  field,  the  magnetic  flux  through  the 
pick-up coil changes which induces an electrical signal in the coils. The induced AC voltage is 
proportional to the magnetic moment of the sample at the applied magnetic field. The frequency 
and amplitude of the vertical vibration are maintained constant by a capacitor (reference signal 
generator). The magnetic moment of the sample is extracted, by feeding the signals from the 
pick-up coils and the reference signal into a demodulator.   
 
Figure 2. 8. Schematic diagram of VSM set-up.   
 
In this study, magnetic hysteresis loops are measured using the VSM (Lakeshore 7407) with the 
applied field up to 21 kOe at room temperature. All samples are carefully cut into 5×5 mm in 
size. Calibration is carried out prior to the measurement. First, the sample holder is adjusted to 
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the middle of the magnetic field, and then a standard Ni foil (5×5 mm) is used to calibrate the 
magnetic moment of the equipment.  Finally, the sample is tied up to the sample holder with a 
nonmagnetic tap.  A hysteresis loop is obtained by switching the direction of external magnetic 
field. By tilting the sample holder, the field can be applied in two configurations, parallel (||) and 
perpendicular (⊥) to the film plane. 
 
2.3.2   Superconducting quantum interface device (SQUID)  
 
Below a transition temperature, certain materials become resistant-less. This phenomenon is 
found in 1911 by H. K. Onnes and it is known as superconductivity. [16] This is explained 
successfully by Bardeen-Cooper-Schriefer (BCS) theory [17].In  1956  when  Cooper  explained  
a  process  by  which  two electrons  near  the  Fermi  level  could  couple  each  other  to  form  
an  effective  new particle, even under a very weak attractive force. This particle was 
subsequently called the Cooper pair.  The  superconductivity  is  due  to  the  Cooper  pair  
transportation  in  a circuit. If  two superconducting  regions  are  kept  isolated  from  each  other  
by  a  very  thin  non-superconducting  material,  there  will  be  a  tunneling  current  across  the  
gap.  The tunneling of the electron-pairs across the gap carrying a superconducting current was 
predicted by Josephson. The junction between the two superconductors is called a “Josephson 
Junction”. A Superconducting Quantum Interference Device (SQUID) uses the properties of 
electron-pair wave coherence and Josephson Junctions to detect very small magnetic field.  The  
central  element  of  a  SQUID  is  a  ring  of  superconducting material with one or more weak 
links. When  a  loop  of  superconductor  is  interrupted  by  a  weak  link  Josephson junction, 
the magnetic flux threading sets up a current in the loop. Any small flux change  from  the  
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sample  causes  the  significant  variation  of  the  magnetic  flux threading,  inducing  a  
detectable  shielding  current  formation  in  the  loop. Due to the very high sensitivity of the 
detector of SQUID, it can measure a very small magnetic moment in the range of 10
-6–10-8 emu. 
The system allows the control of temperature very accurately from 2 to 400 K.   
In  this  project,  a  superconducting  quantum  interference  device  (SQUID,  MPMS, Quantum  
design,  USA)  was  used  for  the  magnetic  properties  measurement (hysteresis loops, zero-
field-cooled   (ZFC)   and   field   cooled   (FC) magnetization curves) at variation temperatures.  
The samples were cut into 5×5 mm. A special straw provided by Quantum Design was used for 
the sample holder. Before measurement, the magnet was reset for eliminating the remnant 
magnetic field trapped in the superconducting coils. Data were corrected for the magnetism of 
the sample holder and for the diamagnetic contributions which were measured  with  the  empty  
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As mentioned in chapter 1, the investigation on half metallic materials is a hot trend for the 
realization of spin electronic devices. Over the last few decades, great attention has been devoted 
to the magnetite (Fe3O4) due to its fascinating electrical and magnetic properties. Fe3O4 is a 
strong candidate for the realization of spin electronic devices[1]due to its high spin polarization, 
high Curie temperature (858K), and the metal-to-insulator transition occurring at ~120K. 
However, the experimentally observed behavior of the Fe3O4 films is rather perplexed, and the 
anticipated −100% spin polarization is scarcely obtained. The magnetic and magnetotransport 
properties of the Fe3O4 thin films are bound to be governed by stoichiometry, microstructure, 
strain, as  well  as interface  or  grain  boundary  quality  in  layered  or  granular structures.[2,3] 
There are many reports on the growth of Fe3O4 thin films on different types of substrates such as 
MgO, MgAl2O4, sapphire, Si, or GaAs. The polycrystalline with (110) or (111) texture, or 
randomly oriented films have been obtained on Si substrate from different researchers.[4,5] 
Fe3O4 (111) films are known to grow epitaxially on the (0001) α-Al2O3 substrate despite the 
lattice mismatch being of ∼8%(compressive).[6,7,8]  The  films  always exhibit  a  columnar  
island formation[9]  during growth because of  the  large  lattice mismatch. Thin films of Fe3O4 
have also been explored on single crystal MgO,[10,11] which supports the epitaxial growth 
because of the double lattice parameter of Fe3O4 (8.3967 Å) of that of MgO substrate (4.213 Å). 
The lattice mismatch of 0.33% between MgO and the Fe3O4 is quite small. Many unexpected 
behaviors in Fe3O4 thin films are due to the growth defects known as anti-phase boundaries 
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(APBs). Many researchers have investigated the effect of APBs on the magnetic behavior 
[12,13,14]and the electrical transport properties[15,16]of Fe3O4 thin films (polycrystalline films 
and epitaxial films).
 
However, the physical mechanisms of the magnetic and transport properties 
of either polycrystalline Fe3O4 films or epitaxial grown films have been yet far from clear. In 
addition, the stain state of the Fe3O4 and the influence of strain relaxation on the APBs as well as 
the magnetic and transport properties are scarcely reported.  
In this chapter, a detailed study of the microstructure, magnetic and transport properties of Fe3O4 
(111) thin films (textured and epitaxial) grown on glass, Si, SiO2, ZnO and Al2O3 substrates and 
Fe3O4 (001) thin films on MgO (001) substrates is present in two separate parts: section 3.2 and 
section 3.3. It has been found that the films on substrates of glass, Si and SiO2 with large lattice 
mismatch can display a strong (111) texture. All these (111) textured Fe3O4 films exhibit in-
plane anisotropy. Compared with the (111) textured films, significant out-of-plane magnetization 
components were observed in Fe3O4/Al2O3 as a consequence of the in-plane compressive strain. 
The large epitaxial strain in the films grown on Al2O3 films plays an important role in 
determining the magnetic anisotropy and the magneto-resistance of the thin film. In addition, the 
ultrathin Fe3O4 (001) thin film on MgO (001) substrate with an in-plane tensile strain displayed 
an enhanced magnetic moment compared with the bulk value. 
 
3.2 Experimental  
 
Thin films of Fe3O4 with various thicknesses were grown on different substrates (glass, (001) Si, 
(110) SiO2, (0001) ZnO, (0001) Al2O3 (001) MgO) by pulsed laser deposition (PLD) with a base 
pressure of 2×10
-8
 torr from a hematite (-Fe2O3) target. During the film growth, the substrate 
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was controlled from room temperature to 550 °C. The beam of a KrF excimer laser (248 nm 
wavelength and 23 ns pulse width) was focused with a lens on the rotated hematite (Fe2O3) target. 
The thickness of the films was controlled by adjusting the number of laser shots (deposition 
time), and estimated using a surface profilometer with a resolution of 0.5 nm. The structure was 
characterized by x-ray diffraction (XRD). The chemical state of the thin films was analyzed by 
X-ray photoelectron spectroscopy (XPS). Raman spectra were also employed to identify the iron 
oxide phase. The magnetic properties were studied by superconducting quantum interference 
device (SQUID) system and vibrating sample magnetometer (VSM). The in plane resistivity was 
measured by the 4-probe station. 
 
3.3 The (111) oriented Fe3O4 on different substrates 
 
3.3.1 Structure characterization  
 
Fig. 3.1a presents the XRD profile of the Fe3O4 thin films on glass substrate with different 
deposition temperature. The film thickness is approximately 40 nm. For the film deposited at 
room temperature, there is no diffraction peak in its XRD spectrum. When the temperature is 
150°C, the indexed peaks (311), (222), (333), (622), (444) can be observed. When increasing the 
substrate temperature to 350 °C, only (111) oriented peaks can be observed in the XRD pattern, 
suggesting a highly textured structure of the film. When the substrate temperature is increased 
over 500 °C, other iron oxide phase (FeO) with small Fe peak appears, which indicate that the 
Fe3O4 film can only be formed blow a certain temperature. From the small scale of XRD spectra, 
a large peak shift can be observed for the films deposited at lower temperature (150 °C). 
However, there is nearly no peak shift for the film deposited at 350 °C. The peak shift in the 
XRD spectrum is usually due to the strain/stress induced during film growth. The strain can be 
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estimated by measuring the accurate d-space of the plane by analyzing the XRD spectra: ε(hkl) 
=(d(hkl)films - d(hkl)bulk)/d(hkl)bulk.[17] The out of plane strain of the films deposited at 150, 350 °C is 
thus estimated to be -0.49%, -0.16%, receptively. The result reveals that the strain decreases with 
increasing substrate temperature. 
Bulk Fe3O4 magnetite undergoes the characteristic Verwey transition (Tv) around 120 K, 
manifested most distinctively by a metal-insulator transition on cooling.[18] This feature can be 
also manifested in Fe3O4 as an anomaly in the magnetization.[19] Magnetic zero-field cooling 
(ZFC) and field-cooling (FC) curves of the films deposited at different substrate temperatures are 
shown in Fig. 3.1b. As it can be seen, Tv at 117 K can be observed for the films deposited at 
substrate temperature>300°C, although the transition temperature is lower than the bulk value of 
120 K. When the deposition temperature is low, even though the XRD spectra display the Fe3O4 
structure, the Verwey transition does not appear. This may due to the large density of grain 
boundaries inside the samples prepared at low temperature. The deposition temperature is 
optimized to be 350 °C to obtain the high quality Fe3O4 films in the subsequent study. 
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Figure 3. 1. a) XRD spectra of iron oxide thin film with oxygen pressure 2x10
-6
 torr on glass 
substrates with different deposition temperatures; b) Magnetization VS Temperature curve of the 
magnetite films on glass substrates with different deposition temperatures. 
In order to investigate the mechanism of the growth of highly textured Fe3O4 films, the films 
were deposited at higher deposition rate. As it is shown in Fig. 3.2b, the textured structure of the 
Fe3O4 film was deteriorated when laser power increasing to 280mJ (15nm/min at 1.9J/cm
2
). 
Comparing the XRD spectra of the (333) peaks, there is a large shift for the films grown at 
higher rate than the highly textured one. It indicates that there is a large stain inside the film 
deposited with a higher rate. The result confirms that the strain in the film deteriorate the growth 
of the (111) textured structure. It should be noted that the highly textured structure in the 
orientation of (111) maintains with a deposition rate lower than 10nm/min. The (111) oriented, 
highly textured Fe3O4 films can be maintained for a thickness of around 100nm.  
 
Figure 3. 2. XRD spectra of iron oxide thin film (40 nm) deposited at 350 °C with oxygen 
pressure 2x10
-6
 torr on glass substrates with different laser power, 160 mJ and 280 mJ. 
 
Fig. 3.3 presents the XRD profile of the Fe3O4  thin films  on  various  substrates (glass, Si and 
SiO2)with large lattice mismatch,  which  clearly  suggest  that  all the films can be grown with 
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Figure 3. 3. XRD spectra of iron oxide thin film deposited at 350 °C with oxygen pressure 2x10
-
6
 torr on Si, SiO2, and glass substrates, which have large lattice mismatch or no matching with 
the Fe3O4 films. 
 
Preisler et al. [20] suggested that the (111) direction has the highest areal atomic density in the 
Fe3O4 spinel crystal structure, the (111) growth direction has the highest probability of satisfying 
the completely random distribution of dangling bonds coming from the amorphous substrate 
surface. In our study, we believe that the highly textured (111) growth of Fe3O4 films 
independent of the substrates chosen is driven by the energetically favorable (111) oriented 
Fe3O4 surface. Indeed, this has been confirmed by our observation that the highly textured (111) 
orientation is achieved with the strain free films and it will be deteriorated when the film was 
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prepared at low temperature or at a higher deposition rate which both will induce large strain 
residual in the film, spoiling the textured growth.  
 
Figure 3. 4. a)XRD spectra of iron oxide thin film deposited at 350 °C with oxygen pressure 
2x10
-6
 torr on Al2O3 substrate, the inset is the rocking curve; b) Φ scan of the along the (311) 
direction of the Fe3O4 film. 
 
Table 3. 1. Summary of the electric and magnetic properties of the magnetite (Fe3O4) thin films 










Hc   (Oe)                             
(in plane / out of plane) 
Al203 4.8936 0.94% 0.023 310 335/1560 
ZnO 4.8516 0.07% 0.017 380 380/358 
Si 4.8387 -0.19% 0.015 440 345/- 
SiO2 4.8612 0.27% 0.017 395 290/- 
glass 4.8402 -0.16% 0.013 360 330/245 
bulk d111=4.848 -- 0.005 471 -- 
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Fig. 3.4a displays the XRD spectra of the Fe3O4 film (40nm) on Al2O3 substrates deposited at 
350 °C. The rocking curve (inset) and Phi scan along (311) direction (Fig. 3.4b) certificate the 
epitaxial growth of the Fe3O4 film on Al2O3 substrates. There is a large residual strain (0.94%) in 
the epitaxial film compared with the (111) oriented films on other substrates (glass, Si, SiO2). 
More detailed information of the magnetite deposited on different substrates is given in table 3.1. 
The resistivity measurements are consistent with stoichiometric magnetite thin films. The 
slightly larger resistivity of the Fe3O4 film (~ 0.01 Ω.cm on glass, Si, SiO2, and ZnO) than the 
bulk (0.005 Ω.cm) is obtained. As we can see that the resistivity of the Fe3O4 film on Al2O3 
(0.023 Ω.cm) is larger than that on other substrates, which may be due to the large strain inside 
the film.  
 
3.3.2 Phase identification using XPS and Raman spectra 
 
In order to clarify the chemical states of the iron oxide films, the Fe 2p core level was analyzed 
by XPS. The X-ray resource in XPS is Mg Kα, and the binding energy of Fe 2p spectrum is 
calibrated by the binding energy C1s (284.5 eV). The most reliable features of identification of 
the Fe-oxidation state are the satellite structures due to charge transfer screening.[21] The 
satellite binding energy of Fe 2p3/2 for different Fe oxidation states (+2 or +3) is 715 eV and 719 
eV, respectively. Hence, the corresponding satellite structure can be easily separated to 
distinguish between Fe3O4 and Fe2O3. Fig. 3.5 displays one of the XPS spectra of the Fe3O4 thin 
films deposited on different substrates. The overall line shape are in good agreement with that 
reported for magnetite (Fe3O4).[22] Being the mixed state of FeO and Fe2O3, the spin–orbit split 




 in Fe3O4.  
 






Figure 3. 5. XPS spectra of the iron oxide thin films deposited on Si, glass, SiO2 and Al2O3 




Fig. 3.6 shows the Raman shift spectra of the Fe3O4 films deposited on different substrates. We 
have observed three typical Raman modes: the strongest A1g mode, T2g (2), and T2g (3) modes for 
all the films. The peak position of 308.5, 541.2 and 672.3 cm
−1
 for the Fe3O4 film deposited on 
glass and Si substrate is identical with the bulk value.[23] The positions of the T2g modes in 
films on Si substrate coincide with the vibrational modes of Si, but it still can be distinguished. 
The A1g mode in the Fe3O4 film grown on Al2O3 exhibits a blue shift of 8.4 cm
−1
 relative to that 
grown on glass or Si, as depicted in Fig.3.6 by a dashed line, which is attributed to the strain 
effect inside the film. 




Figure 3. 6. The Raman shift spectra of the Fe3O4 films deposited on substrates of glass, Si, and 
Al2O3.  
 
3.3.3 Magnetic and transport properties  
Fig. 3.7 displays the room temperature hysteresis loops (in plane and out of plane) of the Fe3O4 
films (40 nm) deposited on Si and (0001) Al2O3 substrate under oxygen partial pressure 2x10
-6
 
Torr. We can see that the magneto crystalline anisotropy is dominated by a strong in plane 
uniaxial anisotropy for the Fe3O4 on Si substrate. The hysteresis loops of the Fe3O4 grown on 
glass, SiO2 and ZnO substrates show similar feature with the film grown on Si substrate.  
However, the Fe3O4/Al2O3 shows a quite large out of plane anisotropy. The saturation  
magnetization (Ms)  values  obtained  are  440  and 310 emu/cm
3
  for  Fe3O4 /Si  and  
Fe3O4/Al2O3, respectively. Meanwhile, the out of plane coercivity of Fe3O4/Al2O3 (1560 Oe) is 
much larger than that of Fe3O4/Si (280 Oe). Considering the same deposition conditions, the 
magnetic property difference of the two should be mainly related to the substrate, thus the strain. 
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The larger out of plane coercivity of Fe3O4/Al2O3 may result from the formation of more pinning 
centers induced by the compressive strain. 
 
Figure 3. 7. Room temperature hysteresis loops (in plane and out of plane) of iron oxide films 






Fig. 3.8 shows the magnetoresistance of the Fe3O4 film (40nm) grown on Al2O3 substrate with 
magnetic filed parallel and perpendicular to the film.  Under  low  fields,  the  perpendicular  MR  
shows  quadratic  behavior  up  to  10kOe  and  the  parallel  MR changes linearly with the 
applied field. When the applied field is perpendicular to the film plane, the MR value is larger 
than the parallel MR value, which deviates with the texture films in this study and the previous 
reports. Since always, the magnetocrystalline anisotropy in Fe3O4 is relatively small in 
comparison with the in-plane anisotropy, the in-plane anisotropy plays a role when the MR is 
measured with the applied field perpendicular to the film plane, because the in-plane moments 
are more readily aligned compared with the out-of-plane moments. In the present study, the 
difference in magnetic properties of the films is obvious. Compared with the (111) textured films, 
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significant out-of-plane magnetization components are observed in Fe3O4 /Al2O3 as a 
consequence of the in-plane compressive strain, which may cause a great deviation of the MR 
curve. This result is inspiring in further study the magnetoresistance origin in the magnetite films. 
 
Figure 3. 8. Magnetoresistance vs ﬁeld curve of the Fe3O4 film (40nm) grown on Al2O3 
substrate with magnetic filed parallel and perpendicular to the film.  
 
3.3.4 Summary  
 
A series of magnetite thin films from a Fe2O3 target are deposited on different substrates 
including single crystals ((0001)-Al2O3, (001)-Si, (110)-SiO2), textured polycrystalline oxide 
underlayers (ZnO), and amorphous glass, at temperatures from room temperature to 550°C by 
the pulsed laser deposition technique. The XPS and Raman spectra of the films reveal the single 
phase nature of Fe3O4 on all the substrates. By controlling the deposition parameters, a strong 
(111)-texture can be obtained on single crystal Si, SiO2, amorphous glass, and (0001)-textured 
ZnO layer, no matter whether they have a huge lattice mismatch or no matching at all with Fe3O4. 
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The films on single crystal Al2O3 (sapphire) showed a (111)-epitaxial structure with a strong in 
plane compressive strain. According to the SQUID measurement, the saturated magnetization for 
magnetite thin films grown on SiO2 and Si substrates can reach 440 emu/cc while the epitaxial 
films grown on Al2O3 have a magnetization around 310emu/cc when the film thickness is 40nm. 
Compared with the (111) textured films, significant out-of-plane magnetization components 
were observed in Fe3O4 /Al2O3 as a consequence of the in-plane compressive strain. The 
substrate-induced strain in the films grown on Al2O3 substrates significantly affects the magnetic 
anisotropy and the magnetic coupling at the anti-phase boundaries in the films. 
 
3.4 Epitaxial (002) Fe3O4 on (001) MgO substrate 
 
3.4.1 Structure characterization  
 
Fig. 3.9 presents the XRD profile of the Fe3O4 thin film (10nm) deposited at 350°C on (001) 
MgO substrate. The (004) Fe3O4 peak is overlapped with the substrate signal, so only one peak 
corresponding to the MgO (002) peak can be observed. In this case, the high resolution XRD is 
employed to differentiate the signal from the substrate and the Fe3O4 thin films. It is can be seen 
from inset L-scan of high resolution XRD that the (004) peak of Fe3O4 film can be differentiated 
with the (002) MgO substrate clearly. The Fe3O4 film of 50nm is also characterized by the high 
resolution XRD. By carefully comparison and calculation, the lattice parameter of the Fe3O4 thin 
films of 10nm and 50 nm along the c-axis can be obtained, which is 0.8336nm and 0.8398nm, 
respectively.  




Figure 3. 9. XRD spectra of the Fe3O4 (10nm) on (001) MgO substrates, the inset is the high 
resolution spectrum to differentiate the (004) Fe3O4 peak from the substrate signal.  
 
 
Figure 3. 10. Reciprocal space mapping (RSM) spectra of the Fe3O4 (10nm) on (001) MgO 
substrate, along (002) and (-203) directions.  
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In order to obtain the lattice parameters along ‘a’ and ‘b’ direction, the x-ray diffraction 
reciprocal space mapping (RSM) is conducted.  It can be seen that along the “H” and “K” axis of 
the RSM, (004) peaks of Fe3O4 are in line with the (002) peak of the MgO substrate. It is 
indicated that lattice distance along ‘a’ and ‘b’ axis of the Fe3O4 film are exactly twice of MgO 
substrate, which is 0.8426nm. The Fe3O4 film with a thickness of 10nm is fully strained to the 
substrate. In contrast, from the mappings and L-scan, the 50nm film is relaxed and the growth 
condition is not as good as the one of 10nm. 
 
Figure 3. 11. XPS spectra of the Fe3O4 with different thicknesses of 10nm and 50nm on (001) 
MgO, repectively. 
 
The Fe 2p core level was analyzed by XPS in order to clarify the chemical states of the iron 
oxide in the epitaxial films with different thicknesses. The X-ray resource in XPS is Mg Kα, and 
the binding energy of Fe 2p spectrum is calibrated by the binding energy C1s (284.5 eV). As 
mentioned before, the satellite binding energy position of Fe 2p3/2 for different Fe oxidation 
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states (+2 or +3) is 715 eV and 719 eV, respectively. Hence, the corresponding satellite peaks 
can be easily separated to distinguish between Fe3O4 and Fe2O3. Fig. 3.11 displays the XPS 
spectra of the Fe3O4 thin films of 10nm and 50nm deposited on (001) MgO substrates. The 
overall line shape in both films is in good agreement with that reported for magnetite (Fe3O4). 
There are almost no differences between the films with different thicknesses. Being the mixed 





 in Fe3O4.  
 
 
3.3.3 Magnetic properties  
 
Fig. 3.12 displays the hysteresis loops measured at 5K and 300K for the Fe3O4 film (10 nm) after 
subtracting the substrate signal. The hysteresis curves display an almost rectangular shape with 
high remanence, implying that the domain nucleation dominates the magnetization reversal 
process. The saturation magnetization (Ms) values obtained at 300K and 5K are the same (~680 
emu/cc), which is much larger than both the previously reported value for the thin films (300-
460emu/cc) and the bulk (470emu/cc). The enhanced saturation magnetization of ~680 emu/cm
3
 
of the half metallic Fe3O4 thin film is certainly very promising for spin injection and other 
applications. The coercivity (Hc) of Fe3O4 film measured at 300K is about 350 Oe while it 
increases to 1050 Oe when measured at 5K, which is in accordance with the results reported by 
others for the magnetite thin films.  




Figure 3. 12. The hysteresis loops of the ultrathin Fe3O4 film (10nm) measured at a) 5K and b) 
300K. 
 
As we mentioned before, bulk Fe3O4 magnetite undergoes the characteristic Verwey transition 
(Tv) around 120 K, manifested most distinctively by a metal-insulator transition on cooling. This 
feature can be also manifested in Fe3O4 as an anomaly in the magnetization. Magnetic zero-field 
cooling (ZFC) and field-cooling (FC) curves of the films with different thicknesses are shown in 
Fig. 3.13. The transition temperature (Tv) of 105 K can be observed for the film of 10nm, while 
Tv for the film of 25nm is at 118K.  Tv is broadened and degraded for the film of 10nm, and it 
gets sharper and increases toward the bulk value with thickness. The more detailed results are 
illustrated in Table 3.2. The the transition temperatures of samples with thickness less than 50nm 
are all lower than the Fe3O4 bulk value of 120 K, and it achieves the bulk value when the 
thickness becomes 200nm .  




Figure 3. 13. FC-ZFC curve of the Fe3O4 films with different thicknesses a) 10 nm, b) 30 nm, c) 
50 nm, on (001) MgO substrates. 
 
Table 3. 2. In plane strain, Saturated magnetization (Ms), Coercivity (Hc) and Resistivity of the 




Table 3.2 summarizes the in plane strain, saturated magnetization (Ms), coercivity (Hc) and 
resistivity of the magnetite (Fe3O4) films deposited on (001) MgO substrates with different 











5 ~0.7 ~620 103 0.022 
10 ~0.7 ~680 105 0.021 
25 ~0.2 ~360 117 0.017 
50 ~0.03 ~350 119 0.010 
200 ~0 460 120 0.007 
bulk - 470 120 0.005 
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around 0.7% displays an enhanced magnetic moment (680emu/cc) compared with the bulk value 
(470emu/cc). This is also much larger than that from the (111) oriented Fe3O4 films deposited on 
other substrates discussed in the earlier section. FC-ZFC curve shows a broadened and degraded 
Tv (105K) for the ultrathin film (10nm). However, the XPS analysis shows no detectable 
differences between the films with different thicknesses. The resistivity of the ultrathin film 




In summary, epitaxial Fe3O4 thin films with different thicknesses are deposited in (001) MgO 
substrates. The fully strained ultrathin Fe3O4 thin film (10nm) on MgO (001) substrate with an 
in-plane tensile strain displayed an enhanced magnetic moment (680emu/cc) compared with the 
bulk value. FC-ZFC curve shows a broadened and degraded Tv (105K) for the ultrathin film 
(10nm). XPS analysis shows no detectable differences for the films of different thicknesses. The 




To summarize this chapter, a detailed study of the microstructure, magnetic and transport 
properties of Fe3O4 (111) thin films (textured and epitaxial) grown on glass, Si, SiO2, ZnO and 
Al2O3 substrates and epitaxial Fe3O4 (001) thin films on MgO (001) substrates is present. It has 
been found that strain free films on substrates of glass, Si, SiO2 and ZnO which are with large 
lattice mismatch display a strong (111) texture. The large substrate induced strain in the epitaxial 
film (Fe3O4 / Al2O3) significantly affects the magnetic and transport properties of the films. 
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Compared with the (111) textured films, significant out-of-plane magnetization components 
were observed in Fe3O4/Al2O3 as a consequence of the in-plane compressive strain. The large 
epitaxial strain in the films grown on Al2O3 films plays an important role in determining the 
magnetic anisotropy and the magneto-resistance of the thin film. Furthermore, the ultrathin 
Fe3O4 (001) thin film on MgO (001) substrate with an in-plane tensile strain displayed an 
enhanced magnetic moment compared with the bulk value, which is very promising for the 
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Chapter 4 Study of different spinel ferrite thin films  
 
4.1 Introduction  
 
As mentioned in Chapter 1, the ion based spinel oxides, appear as versatile due to their complex 
structure and the resulting many degrees of freedom. This versatile material can be useful for 
spintronics by integrating into the spin dependent heterostructures, as a spin-filtering insulating 
barrier in spin-filtering devices. Yet, their study in thin film form has not been so intensive and  
much  remains  to  be  learnt  concerning  their  properties  in  low  dimensions  and  their 
potential in heteroepitaxial architectures.   
The ferrite thin films have been investigated for their potential applications by some researchers 
[1-10]. Among them, Manganese zinc ferrite (MnxZn1-xFe2O4) is a kind of soft magnetic 
materials. For its high permeability, large resistivity, relatively high magnetization and low 
coercivity, it has many essential applications such as magnetic sensor, reading head for magnetic 
recording media, switch mode power suppliers, deflection yoke rings and spintronics devices. 
Cobalt ferrite (CoFe2O4) is a kind of insulating hard ferrite, the  potential  applications  of  Co-
ferrite  films  require  achieving  films  with excellent  crystallographic  texture,  perpendicular  
magnetic  anisotropy  (Ku)  and  high coercivity on inexpensive substrates at a low temperature. 
Generally, saturation magnetization (MS) of these ferrite films was much lower than their bulk 
counterpart. It was probably due to the formation of anti-phase boundary (like in Fe3O4 films) 
and possible disordered phase in the deposited films [10-13]. Various methods have been 
employed for the growth of ferrite films [8,14,15]. However, epitaxial and highly textured 
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growth of ferrite films can only be achieved on single-crystal substrates at relatively high 
temperatures (>500 
°
C) [6-8, 16]. 
In this Chapter, we investigated the important role that the “strain” played in achieving high 
quality films with desired properties by controlling the deposition parameters of manganese zinc 
ferrite films on glass substrates (section 4.2). In addition, using the same technique, highly 
textured CoFe2O4 film was also successfully fabricated and studied in section 4.3. Followed by 
the texture examination, mechanisms for thin film growth and magnetic anisotropy were 
investigated. 
 
4.2 Growth of highly textured manganese zinc ferrite films  
 
4.2.1 Experimental  
 
Manganese-zinc-ferrite powders were obtained by a sol-gel combustion method [17]. The 
powders were pressed into a disc and first sintered at 700 
°
C for 30 mins under 20% O2+80% Ar 
and then at 1000 °C for 1h under nitrogen atmosphere with a flow rate of 50 sccm. The sintered 
disc was used as the target.  Manganese-zinc-ferrite films were deposited on glass substrates 
using a pulse laser deposition (PLD) system with a base pressure of 2×10
-8
 torr. The deposition 
power is 7 J/cm
2
. In order to avoid oxidation, all of the films were deposited under a vacuum of 
10
-7
 torr. The substrate temperature was varied from room temperature to 570 
°
C. The 
thicknesses were controlled by the deposition time and measured by a profilometer with a 
resolution of 0.5 nm. Energy dispersive X-ray spectroscopy (EDS) and X-ray photoelectron 
spectroscopy (XPS) were applied to examine the film composition. The films can be roughly 
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written as Mn0.7Zn0.3Fe2O4. Transmission electron microscopy (TEM) and X-ray diffraction 
(XRD) were used for the film characterization and microstructural analysis. Vibrating sample 
magnetometer (VSM) was used for the measurement of magnetic properties at room temperature.   
 
4.2.2 Effect of Temperature 
 
Fig. 4.1a shows XRD spectra of the films deposited at different substrate temperatures. The film 
thickness is approximately 100 nm. For the film deposited at room temperature, there is no 
diffraction peak in its XRD spectrum. When the film was deposited at 268 
°
C, the XRD spectrum 
shows only one peak (311), suggesting a textured structure of the film. Further increasing the 
substrate temperature to 418 
°
C, the film still keeps the textured structure, as only (311) and (622) 
peak can be observed in the XRD pattern. When the substrate temperature is increased to 570 
°
C, 
other indexed peaks, such as (222) and (511) can be clearly seen, suggesting that the texture may 
be deteriorated at this temperature. From the small scale of the main peak (311), a peak shift can 
be observed for the films deposited at 268 and 418 
°
C (The peak (311) is at 35
°
 for the target). 
For the film deposited at 570 
°
C, there is nearly no peak shift. The peak shift in the XRD 
spectrum is usually due to the strain/stress induced during film growth. Hence, the growth of 
highly textured structure for the films deposited at 268 and 418 
°
C may be related to the strain 
inside films. The strain ][hkl  can be estimated by measuring the accurate d-space of the (hkl) 
plane using XRD: etthkletthklfilmshklhkl ddd arg]][arg][][][ /)(  [18]. The strain of the films deposited at 
268, 418 and 570 
°
C is thus estimated from Fig. 4.1a to be -1.51%, -0.99% and -0.29%, 
respectively. The result reveals that the strain decreases with increasing substrate temperature. 
The small strain for the film deposited at 570 
°
C results in a polycrystalline structure.  
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Magnetic properties of the films deposited at different substrate temperatures are shown in Fig. 
4.1b. The saturation magnetization (MS) of the films is relatively low (<100 emu/cm
3
) when the 
deposition temperature is lower than 418 
°
C. A drastic increase in MS was found for the film 
deposited at a substrate temperature of 498 
°
C. The coercivities of all the films are larger than 
100 Oe.   
Figure 4. 1. a) XRD spectra of manganese zinc ferrite deposited at different temperatures. The 
inset is the small scale of peak (311); b) The saturation magnetization and coercivity dependence 
on the substrate temperature of the films deposited at different temperatures.  
 
In order to confirm that the film deposited at 268 
o
C is highly textured, cross-section TEM 
analysis was performed, as shown in Fig. 4.2a. It can be seen that the film is very uniform. No 
grains can be found from the image, suggesting a single-crystal-like structure. Selecting area 
electron diffraction (SAED) confirms the single crystal-like structure of the film, as shown in the 
inset of Fig. 4.2a (it is to note that the film deposited at this temperature may possess some 
disordered structure, as low MS is obtained). Fig. 4.2b shows in-plane and out-of-plane hysteresis 
loops of the film deposited at 268 
°
C. Strong anisotropy can be observed. The easy axis points to 
in-plane of the film. The in-plane coercivity is approximately 140 Oe, while out-of-plane 
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coercivity is only 50 Oe. The angular dependence of coercivity is shown in the inset of Fig. 4.2b. 
The periodical dependence supports the highly textured structure of the film.  
 
Figure 4. 2. a) TEM image of manganese zinc ferrite film deposited at 268 
o
C. The inset is the 
SAED of the film; b) In-plane and out of plane of hysteresis loop of manganese zinc ferrite film 
deposited at 268 
o
C with a thickness of 60 nm. The inset is the angular dependence of coercivity.  
 
4.2.3 Effect of Thickness  
 
Thickness effect on the structural and magnetic properties of the films is shown in Fig. 4.3. From 
Fig. 4.3a, the diffraction pattern of a 20-nm thick film exhibits only one peak of (311), 
suggesting a textured structure of the film. The textured structure maintains until the film 
thickness is more than 100 nm (Fig. 4.1a). When the film thickness is increased to 160 nm, other 
diffraction peaks, such as (222), (511) and (444) can be seen, indicating that the texture has 
strongly deteriorated. It can be seen from the small scale of the spectra (inset), that (311) peaks 
are shifted to smaller angle for all of the films.  The strain is estimated to be -2.27%, -2.04% and 
-0.4% for the 30, 60, and 160-nm thick films. The result, together with that of the films deposited 
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at different temperatures, indicates that a larger strain results in a better textured structure. Hence, 
it confirms that the strain is attributed to the growth of highly textured films.   
Fig. 4.3b shows the magnetic properties of the films with different thicknesses. All of the films 
show relatively high MS. The 30-nm film has a MS of 590 emu/cm
3
 higher than bulk (~537 
emu/cm
3
). High MS has been found in very thin films of Fe3O4 and NiFe2O4 [19-21]. It attributes 
to cations redistribution. However, the mechanism is still not clear  since low MS due to surface 
spin disorder or spin canting was also discovered [9,10]. Further investigation is needed to 
explore this interesting phenomenon.  
From Fig. 4.3b, the in-plane coercivity increases with increasing film thickness up to 100 nm. 
The coercivity then slightly decreases with a further increase in thickness. The hysteresis loop of 
10-nm film is shown in the inset of Fig. 4.3b. The high magnetization and low coercivity of the 
film may be promising for the applications in high density recording media and spintronics 
devices. 
 
Figure 4. 3. a) XRD spectra of manganese zinc ferrite films with different thicknesses (substrate 
temperature 268 
o
C); The inset is the small scale of peak (311); b) The dependence of saturation 
magnetization and coercivity on film thickness (substrate temperature 268 
o
C). The inset is the 
hysteresis loop of the film with a thickness of 9 nm (498
o
C).  
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4.2.4 Effect of laser power 
 
In order to further investigate the mechanism of the growth of highly textured manganese zinc 
ferrite films, the film was deposited on a glass substrate at low deposition rate (0.5 nm/min at 
0.35 J/cm
2
). The XRD spectrum of the film is shown in Fig. 4.4a. There is nearly no textured 
structure of the film. The inset shows the small scale of the diffraction peak (311). It indicates 
that peak (311) is in the position of 35
o
, the same as that of the target, suggesting that there may 
be no strain/stress. The result confirms that the strain in the film plays an important role in the 
growth of the textured structure. It should be noted that the highly textured structure in the 
orientation of (311) remains at a deposition rate higher than 10 nm/min.  
 
Figure 4. 4. XRD spectrum of manganese zinc ferrite film deposited with a very low deposition 
rate (0.5 nm/min). The inset the small scale of peak (311); 
 
It is known that for a PLD process, the ablation temperature is much lower than the melting 
temperature of a target. The film growth is far from equilibrium and the ablated atoms do not 
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have enough mobility to achieve the lowest thermal dynamic energy state. Hence, strain may be 
induced during the film growth. When the film was deposited at the low temperature and high 
deposition rate, a large strain could be induced in the interface between the film and glass 
substrate. In addition, the difference of thermal coefficient between the film and glass substrate 
may also induce strain/stress during film growth [22]. The minimization of strain energy density 
leads to the formation of (311) texture. For the film grown at high temperatures, the high 
diffusion rate of the ablated atoms may reduce the strain, leading to an isotropic growth of the 
film (Fig. 4.1a). Similarly, for the film grown at a low deposition rate, the ablated atoms may 
also have enough mobility toward their lowest energy state. An isotropic structure of the film is 
thus formed. For the very thick film as described in Fig. 4.3a, the strain is easily relaxed since the 
strain is induced at the interface. Hence, the textured structure cannot be formed.    
The strain inside the film prepared by PLD can be induced by shot-peening effects, which is 
generated by the impingement of energetic particles on the already grown film [23]. However, in 
this work, the investigation on the effect of thickness and deposition rate has shown that for the 
films with large thickness and grown with a very low deposition rate, there is no peak shift in the 
XRD spectra, suggesting no or low strain. Therefore, the strain induced by shot-peening effect is 
not likely the key factor for the growth of highly textured films.  
 
4.2.5 Summary  
 
Highly textured manganese zinc-ferrite films have been successfully fabricated on glass 
substrates due to the strain induced during film growth. The textured film has a high saturation 
magnetization and relatively low coercivity. Textured cobalt ferrite films on glass substrates 
Chapter 4 Study of different Spinel ferrite thin films 
82 
 
were also achieved using the same method (section 4.3). Based the understanding, in order to 
achieve high quality MnZn-ferrite films, the processing technique is very important. By properly 
choose the deposition parameters, high quality Mnznferrite thin films can be even obtained on 
glass substrates at a very low temperature. This may provide a simple approach to produce high 
quality ferrite films on cheap substrates. 
 
4. 3 Growth of CoFe2O4 thin films 
 
4.3.1 Experimental  
 
Cobalt ferrite (CoFe2O4) films were deposited on glass, SiO2 and Al2O3 substrates using a pulse 
laser deposition (PLD) with a base pressure of 2×10
-8
 torr. The substrate temperature was varied 
from room temperature to 550 
o
C. The thicknesses were controlled by the deposition time and 
measured by a profilometer with a resolution of 0.5 nm. Energy dispersive X-ray spectroscopy 
(EDS) and X-ray photoelectron spectroscopy (XPS) were applied to examine the film 
composition. X-ray diffraction (XRD) was used for the film characterization and microstructural 
analysis. Vibrating sample magnetometer (VSM) was used for the measurement of magnetic 
properties at room temperature. 
 
4.3.2 Structure characterization  
 
In  order  to  achieve  Co-ferrite  films  with  the  same  chemical  compositions  as  the  CoFe2O4  
target,  effects  of  oxygen  working  pressure and deposition temperature on  the stoichiometric 
compositions of Co-ferrite films were investigated.  A series of films were deposited on glass 




 Torr. From the XPS 
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analysis, the  compositions  of  all  the  films  deposited  under  different  oxygen  pressures  are  
very close to that of the CoFe2O4 target, especially for the films deposited under 2×10
-3
 Torr (the 
Co-ferrite films later discussed were all prepared under 2×10
-3
 Torr). Moreover, the Co-ferrite 
films deposited under 2×10
-3
 Torr at different temperatures from room temperature to 550 °C 
also show the similar chemical compositions close to the CoFe2O4 target, suggesting negligible 
effects of substrate temperature on films’ stoichiometric compositions.  
Fig. 4.5 shows the XRD spectra of the CoFe2O4 films (100nm) deposited on glass substrates at 
different substrate temperatures. The result indicates that the when the films were prepared at 
room temperature, there is no crystalline peak. The (311) textured CoFe2O4 films can be obtained 
when the films were prepared at 150 °C. This is in accordance with the MnZnFe2O4 films 
discussed in the earlier section. The (111) peak starts to appear at the substrate temperature of 
250°C, and the intensity of (311) peak is reduced severely with further increasing temperature. 
When the deposition temperature is increased to 350°C and above, the films exhibit only {111} 
peaks without other diffraction peaks, suggesting the strong (111) textured films can be formed. 
There is an obvious peak shift of the (311) in contrast to the bulk value. The  (311)  peak’s  
position  for  the  film  deposited at  150 °C is  35.10°  while the target is 35.42°. When the 
deposition temperature increases, the (111) texture is formed, in which the peak shifting can 
barely be observed. As it can be seen that the (111) peak’s position is 56.95° for the film 
deposited at 550 °C, which is very close to the target (57.02°).  The large peak shift of the (311) 
textured films indicates the large residual strain inside the film deposited at lower temperature 
and it will release when the deposition temperature increases as the high diffusion rate of the 
ablated atoms may reduce the strain.  




Figure 4. 5. XRD spectra of the CoFe2O4 films with a thickness of 100nm deposited at different 
temperatures on glass substrates. 
 
Fig. 4.6 displays the texture evolution with the film thickness of the CoFe2O4 films deposited at 
350 °C. In which we can see that (111) textured films are obtained when the film is 18nm and 
50nm. Small (311) peak will appear when the thickness excesses a certain value (around 120nm). 
The (311) peak’s intensity gets stronger and then becomes dominated for the film with a 
thickness of 300 nm. The peak shift can be found in the small scale picture which is displayed in 
the right side enlarged figure. The films with a small thickness possess a large peak shift against 
the bulk value (the dashed line), while the thick films show slightly peak shift compared with the 
bulk material. It is noted that the peak shift back to the bulk value when the films thickness is 
greater than 300nm. The residual strain inside the film is released when the film becomes thick. 
Similarly, the XRD temperature and thickness effect of the Co-ferrite films deposited on (0001) 
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SiO2 substrates are obtained. The texture evolution possesses the same trend as the ones 
deposited on glass substrate. (The spectra are not shown)  
 
Figure 4. 6. XRD spectra of the CoFe2O4 films with different thicknesses (18nm, 50nm, 120nm, 
300nm) deposited at a substrate temperature 350°C on glass substrates.  
 
In addition, the CoFe2O4 films were also deposited on Al2O3 substrates (which have an epitaxial 
relation with CoFe2O4) and ZnO buffered SiO2 substrates (which will be discussed in detail in 
Chapter 7). The films from 20 nm to 600 nm all display the epitaxial (111) structure. The 
different peak shift also can be found from the XRD spectra of the epitaxial layer with different 
thicknesses. The detail information is summarized in Table 4.2. 
In general, the crystallographic change in the thin films is driven by the minimization of total 
anisotropy energy, which can be described as,  




     
 
                                                                     Eq.4.3 
Where γs is surface energy; γi is interfacial energy; h is film thickness. The last term is elastic  
strain  energy  density, ε  is  intrinsic  residual  strain,  and  M  is  the biaxial modulus, which is 
closely related to crystallographic direction. The texture evolution of films is mainly due to 
minimization of total system  energy  by  changing  the  surface  energy  of  oriented  crystal  
planes  and interfacial energy between film and substrate or by changing the elastic strain energy 
density. It can be explained in the following aspects.  
First, the interfacial energies of the films depend on the lattice mismatch between the films and 
the substrates. When the films and the substrates have an epitaxial relation, γi has a dominant 
contribution to minimize the total anisotropy energy. The films deposited on Al2O3 substrate 
with small lattice mismatch is in this case. Thus, the (111) epitaxial films on (111) Al2O3 formed 
even at a low temperature or with a thickness up to 600 nm. However, when using glass or single 
crystal SiO2 with no corresponding lattice matching with any planes of CoFe2O4, the contribution 
of γi is negligible to the total anisotropy energy.  
Second, the surface energies for different planes of CoFe2O4 are anisotropic: γs{111}(208 
ergs/cm
2
 )< γs{400}(1486 ergs/cm
2)< γs{220} (1916 ergs/cm
2
) < γ{311}(2344 ergs/m2) [24].1 
Thus,  CoFe2O4  films  intend  to  be  (111)  preferred  orientation  since  it  is  more  
energetically  favorable  than  other  orientations  such  as  (400), (220) or (311). 
In  addition  to  surface  energy  minimizing  effect,  there  is  a  competing  factor (strain energy 
density) which also influences the total energy and the film texture. The strain  energy  density  
depends  on  the  crystallographic  orientations  (hkl),  and  the effective biaxial modulus of the 
grains.  In CoFe2O4, the biaxial modulus have a relation of M111>M220>M311. Thus, the strain 
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energy density minimization leads to the formation of  (311} texture,  rather  than  (111)  texture  
because  the  formation  of  (111) texture  films  possesses  larger  strain  energy  density  than  
the  formation  of  other textures. 
According to the above explanation, the texture evolution of the CoFe2O4 films on glass and 
SiO2 substrates can be summarized.  The   critical   parameters   for   the   transition   from   
surface   energy determination to strain energy density determination are the film thickness and 
residual strain ε. When film thickness (h) is small or substrate temperature is high (over 350 °C), 
the texture is dominated by the minimization of surface energy γs.  The films tend to have (111)-
texture. With h increases or the substrate temperature are below 150 °C (with large ε), the texture 
is determined by the minimization of strain energy density, which leads to form (311) texture.    
 
Apart from the XRD results, the Raman shift spectrum is also a solid proof of the large strain 
inside the thinner films. Fig.4.7 shows the Raman shift spectra of the CoFe2O4 films with 
thickness 50nm, 120nm and 300nm deposited on SiO2.  There are  two  sites  (A  sites  <  
Tetrahedral  sites  >  and  B  sites  <  Octahedral  sites  >)  for 3d-ions  in  the  spinel  structure.  
As we can see that there is a strong overlapping of the B-site peak with the peaks of SiO2. So we 
analyze the A-site spectra for the Co-ferrite films as shown in the inset. It can be seen that the A-
site peak of the 300nm sample is broad. The 120nm Co-ferrite appeared sharper, and a small blue 
shift was visible.  For the 50nm Co-ferrite, the sharper peak had a more obvious blue shift. As 
we discussed in Chapter 3, lattice strain may result in a shift of the Raman peak. A blue shift in 
Co-ferrite films in this work was associated with the lattice strain observed in our XRD 
examinations. 




Figure 4. 7. Raman shift of the CoFe2O4 films with different thicknesses. 
 
The examination of surface morphology of films deposited on SiO2 substrates at different 
temperatures using AFM is shown in Fig.4.8. The room temperature prepared film in Fig. 4.8a 
presents a poor crystallinity without obvious crystalline grain formation. With increasing 
temperature, the grain nucleation formed and the grain size was around 35 nm at 350 °C (Fig. 
4.8b). The image reveals that the grains are with a granular structure and circular shape which 
are well separated from each other. However, the island coalescence starts with further 
increasing temperature, resulting in large particle size at 550 °C (Fig.4.8c). The films exhibit 
excellent surface smoothness with the rms less than 1 nm for the films deposited at a substrate 
temperature below 350 °C. The extraordinary smooth surface is probably attributed to small 
grain size at a low deposition temperature during the PLD deposition process.  In contrast, Fig. 
4.8d is the AFM image of the morphology of the CoFe2O4 films deposited on glass substrate 
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with substructure of 350°C. The grain is aggregated with each other, inducing a cragged surface 
with larger grain size. 
 
Figure 4. 8. AFM images of the CoFe2O4 films deposited at a) Room Temperature, b) 350°C, 
and c) 550°C on SiO2 substrates; d) 350°C on glass substrate. 
 
4.3.3 Magnetic property  
 
The analysis on magnetic anisotropy for CoFe2O4 films on the temperature effect and thicknesses 
effect on glass substrates was studied in this section.  
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Fig.4.9 shows the hysteresis loops of the CoF2O4 films with a thickness of approximate 100 nm 
on glass substrates deposited at different substrate temperatures.  The films deposited at 150 °C 
and below exhibited an isotropic magnetic anisotropy, while perpendicular anisotropy was 
observed for the films deposited at 250 °C and higher. Table 4.1 gives the detail magnetic 
properties (coercivity and remanence measured in both in-plane and out-of-plane directions) of 
the films. The Hc⊥ reached a maximum of 8.4 kOe for the film deposited at 350 °C, and then 
decreased to 5.3 kOe with increasing temperature to 550 °C.   
 
Figure 4. 9. In plane (black) and out of plane (red) hysteresis loops of CoFe2O4 deposited at 
temperatures from 150°C, 250°C, 350°C and 550°C on glass substrates.  
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Table 4. 1. Strain, and magnetic properties (Coercivity Hc, remenance ratio) of the CoFe2O4 
films on glass substrates with a thickness of 100nm deposited at different temperatures. 
Substrate 
temperature 
    
(kOe) 
        
(kOe) 
    
(kOe) 
        
(kOe) 
Strain (%)  




2.0 0.2 2.1 0.29 0.76 
150°C 2.5 0.31 2.4 0.31 0.75 
250°C 4.1 0.43 2.7 0.34 0.81 
350°C 8.4 0.64 3.6 0.49 0.72 
550°C 5.3 0.46 3.7 0.37 0.24 
 
 
The effects of film thickness on magnetic properties are also investigated in this work. As the 
relationship between coercivity and substrate temperature indicated that the  optimized  substrate  
temperature  for  films  with  high  coercivity  is 350 °C, all the Co-ferrite  films  deposition for 
the thickness study is at substrate temperature of 350 °C. The results are summarized using SiO2 
as the substrates. Films on glass and other substrates show the similar trend. As shown in Table 
5.2, the film with a thickness of 20 nm exhibited a high Hc⊥ of 8.0 kOe as well as a very low 
Hc|| of 1.2 kOe. Moreover, the film with a thickness of 30 nm possessed a high Hc⊥ of 9.8 kOe 
and Hc|| of 1.4 kOe.  As the thickness further increases to 120 nm, the Hc⊥ and Hc|| decrease to 
8.3 kOe, 3.6 kOe respectively. The film with a thickness of 300 nm and above presented almost 
isotropic magnetic texture with both Hc⊥ and Hc|| of ~4.0 kOe. The in plane and out of plane 
hysteresis loops of the CoFe2O4 films with a thickness of 30nm on SiO2 substrate are shown in 
Fig.4.10. 
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Table 4. 2. Strain, and magnetic properties (Coercivity Hc, remenance ratio) of the CoFe2O4 
films deposited at 350°C on SiO2 substrates with different thicknesses. 
Thickness 
(nm) 
    
(kOe) 
        
(kOe) 
    
(kOe) 
        
(kOe) 
Strain (%)  
(out of plane) 
20 8 0.66 1.2 0.15 1.40 
30 9.8 0.84 1.4 0.19 1.29 
50 8.7 0.73 2.2 0.2 1.15 
120 8.3 0.65 3.6 0.33 0.70 
300 4.6 0.46 4.4 0.45 0.13 




Figure 4. 10. In plane (black curve) and out of plane (red curve) hysteresis loops of the CoFe2O4 
films with a thickness of 30nm on SiO2 substrate. 
 
For  magnetic  thin  films,  the  magnetic  anisotropy  Ku  is  usually  written  as  a sum of 
various contributions:  
                                                                     Eq. 4.4 
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Where  Kui  is  the intrinsic magnetocrystalline anisotropy Kus  is  the  shape  anisotropy,  Kuσ  is  
the  stress-induced  anisotropy.   
Kui  of  CoFe2O4  it  is  highly attributed  to  cation  (Co
2+
)  distribution  in  spinel  structure.  As 
it is well known, the perfect  CoFe2O4  is  a  fully  inverse  spinel  structure,  in  which  one  iron  
ions  (Fe
3+
) occupies the tetrahedral site (denoted as A site) while the other one Fe
3+
 and one 
Co
2+
 ions  occupy  the  two  octahedral  sites  (denoted  as  B  site).  According to single-ion 
model, the Kui of CoFe2O4 materials is highly associated with the occupation rate of Co
2+
 in B 
sites. However, the films were deposited with the same condition, the cation distribution 
exhibited only slightly degraded Kui. The slightly decreased Kui value cannot cause the thickness-
dependent coercivity.  
Large strain in magnetic films can lead to strong stress anisotropy in CoFe2O4 films. The 
decrease in coercivity and re-orientation of magnetic anisotropy with increasing substrates 
temperature and increasing thicknesses might be attributed to degradation of stress anisotropy 
due to strain relaxation at high temperatures, or with larger thicknesses, which can be identified 
from the recovery of peaks’ position in the XRD spectra.  
The grain size is one of the critical parameters to obtain optimal coercivity for Co-ferrite films. 
The  reduced  coercivity  for  the  films  deposited  at  high  temperature  can  be partially  
explained  with  large  grains  formed  at  high  temperatures,  which  was identified with the 
AFM observation.  It is also worth mentioned that for the films on SiO2 and glass substrates with 
similar thickness and deposited at the same substrate temperature, the strain state in both films is 
very close to each other. However, the CoFe2O4 on SiO2 possesses larger out of plane Hc. This 
may due to the smaller grains in the CoFe2O4 films deposited on SiO2 substrates. 





Co-ferrite films were prepared on Al2O3, glass, (0001) SiO2, and ZnO substrates. Texture  
formation  is  highly  dependent  on  film  thickness, substrate  temperature  and  laser  fluence. 
The  texture  evolution  mechanisms  can  be attributed  to  the  competition  between  strain  
energy  density  and  surface  (interfacial) energy.  The magnetic properties of these films 
indicated that magnetic anisotropy was closely associated with substrate temperature, deposition 
rate, and thickness. The Hc⊥ over 9.8 kOe was obtained in the ~30 nm Co-ferrite film deposited 
on (0001)-SiO2 at 350 °C. The high coercivity and large perpendicular anisotropy may be 
attributed to the  formation  of  excellent  (111)-textured  orientation, nanocrystallized isolated 




To summarize this chapter, we have successfully fabricated and investigated two common ion 
based magnetic ferrite materials, CoFe2O4 and Mn0.7Zn0.3Fe2O4. The texture  formation  and 
magnetic properties are  highly  dependent  on the residual strain which can be tuned by varying 
the film  thickness, substrate  temperature  and  laser  fluence.   
By intentionally adjusting the residual strain, the epitaxial and (111) textured CoFe2O4 films 
(30nm) with high resistivity, smooth surface and large perpendicular anisotropy are achieved; the 
highly textured (311) MnZnFe2O4 films with desirable properties are also obtained.  
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As mentioned in chapter 1, Maghemite (γ-Fe2O3), which possesses an N e´el temperature of 950 
K, is a ferrimagnetic insulator, hence may be a promising candidate for developing room 
temperature spin filter devices. In these devices, the spin of the current electrons is controlled by 
an insulator film with an exchange splitting in the conduction band, through which tunneling 
occurs preferentially for one of the spin components. [1]  
As a potential candidate for the spintronics applications, it is desirable to have the high quality γ-
Fe2O3 thin films. However, the metastable ferrimagnetic γ-Fe2O3 is hard to obtain and it can be 
easily transformed into the antiferromagnetic α-Fe2O3 which is the equilibrium phase when the 
temperature exceeds 400 °C. [2,3]In order to acquire the ferrimagnetic γ-Fe2O3, it seems viable 
to use substrates with a slight lattice mismatch, such as MgO (001) or (110). The γ-Fe2O3 films 
have been fabricated by chemical vapour deposition (CVD),[4] metal organic deposition (MOD) 
[5] onto MgO substrates. But the quality of the films was not ideal in both cases, either with a 
decreased Curie temperature or a reduced Magnetization. High quality films are expected by 
using of molecular beam epitaxy (MBE). However, high costs in both of the initial set-up and in 
operation prevent commercial applications. Moreover, it is challenging to oxidize Fe to Fe
3+ 
only 
by the introduction of oxygen gas. Therefore, some assist techniques are necessary, such as 
plasma or ozone gas.[6-8] These pragmatically difficult and time consuming experiments are not 
favorable. A precedent work was reported that ultrathin films were prepared using industrial 
Sputtering technique.[9] However, the island growth mode at the initial stage could not ensure 
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the required surface smoothness, which is crucial to the integrated structures as spin filter. The 
Pulsed laser deposition is an important technique for deposition of oxide materials. It is vital to 
explore whether the high quality pure phase epitaxial γ-Fe2O3 thin film can be implemented in 
the PLD system. 
 
In this chapter, we present a systematical study of the synthesis of metastable epitaxial γ-Fe2O3 
films in virtue of substrates template effect by PLD technique, and investigate stability of the 
phase in the form of thin film in dependence of deposition temperature (Ts), oxygen partial 
pressure (PO) and subsequent annealing process. High quality γ-Fe2O3 thin films have been 
achieved in terms of high saturation magnetization, high resistivity and good smoothness. 
 
5.2 Experimental  
 
The growth of the iron oxide thin films was performed with a pulse laser deposition (PLD) 
system with a base pressure of 2×10
-8
 torr using a hematite (-Fe2O3) target. The hematite (α-
Fe2O3) target was prepared by sintering at 1200 °C for 10 h under oxygen atmosphere. During 
the film growth, the substrate was heated between 100 °C and 550 °C (the highest substrate 
temperature of our PLD system), and oxygen gas was supplied to the chamber. The beam of a 
KrF excimer laser (248 nm wavelength and 23 ns pulse width) was focused with a lens on the 
rotated hematite (Fe2O3) target, where its energy density was estimated to be 1.9 J cm
−2
. The 
thickness of the films was controlled by adjusting the number of laser shots (deposition time), 
and estimated using a surface profilometer with a resolution of 0.5 nm. A series of iron oxide 
films (5nm-300 nm) were deposited on (001) MgO, (110) MgO, (0001) Al2O3 (Sapphire), (110) 
SiO2 (quartz), and amorphous glass substrates with oxygen partial pressure varied between 1x10
-






 torr (the highest partial pressure of the available PLD system). The subsequently 
acquired iron oxides can be grouped into wustite (Fe1-xO), magnetite (Fe3O4), maghemite (γ-
Fe2O3), hematite (α-Fe2O3) and the mixed phase of them. X-ray diffraction, including φ scan, 
were employed for investigating the crystal structure. The chemical state of the thin films was 
analyzed by X-ray photoelectron spectroscopy (XPS). The magnetic properties were studied by 
superconducting quantum interference device (SQUID) system from 5K-300K. The in plane 
resistivity was measured by the 4 probe stage. The surface morphology was characterized by 
AFM.  Heat treatment with oxygen flow (100 sccm) was also applied to the obtained γ-Fe2O3 
thin films which were grown in oxygen rich atmosphere on 001 MgO substrates. 
 
5.3 Formation of phase(s) and substrate effect 
 
In order to study phase formation in dependence of substrate and other deposition parameters, 
20nm iron oxide thin films were deposited on a variety of substrates (with and without lattice 
matching to the spinel Fe3O4 or -Fe2O3) under different deposition conditions (deposition 
temperature and oxygen partial pressure). As discussed in Introduction, MgO has close epitaxial 
relationship with the spinel Fe3O4 structure. The lattice mismatch is 0.3% between (001) 
MgO/(110) MgO and (002) Fe3O4/(220) Fe3O4.  On the other hand, other substrates studied in 
this work either have a large mismatch (> 5% between (111) Fe3O4 and (110) SiO2 and (0001) 
Al2O3) or no epitaxial relation (glass).  Fig. 5.1 shows phases formed on MgO substrates and on 
other substrates in the dependence of oxygen partial pressure and deposition temperature.  Fig. 
5.1a shows phases formed in dependence of O2 partial pressure and deposition temperature for 
iron oxide films on MgO substrates.  The results showed that Fe3O4 forms under a relatively low 
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O2 partial pressure, while -Fe2O3 forms at higher oxygen partial pressure. Disordered structure 
with small α-Fe2O3 grains appears at the corner of higher partial pressure and high temperature.  
Fig. 5.1b shows phases formed in iron oxide films deposited on other substrates (glass, quartz 
and Al2O3). Instead of -Fe2O3, the disordered structure appears at higher oxygen partial pressure 
when the deposition temperature is below 400 °C (as shown in Fig. 5.2).  When the deposition is 
500 °C (Fig. 2d), some relatively weak XRD peaks for the thermodynamically stable phase of -
Fe2O3 are present. -Fe2O3 phase could not form on these substrates. 
 
Figure 5. 1. Phases presented in dependence of oxygen partial pressure (P (O2)) and deposition 
temperature (T), when iron oxide films deposited on (001) and (110) MgO substrates (a) ; and on 
glass, X-cut quartz or (0001) sapphire substrates (b). Dis:disordered structure with small α-Fe2O3 
grains. 
 




XRD was used to identify phases present in iron oxide films. One example is shown in Fig. 5.2. 
Iron oxide thin films with a thickness of 20 nm were deposited on glass substrate at 350 ˚C under 
different oxygen partial pressures. As displayed in Fig. 5.2a, FeO with a crystallographic (111) 
texture is present together with a small quantity of bcc-Fe when deposited at lower oxygen 
partial pressure (<2x10
-6
 torr). Fig. 5.2b shows the isotropic Fe3O4 phases when the oxygen 
partial pressure is above 3x10
-6
 torr, while amorphous-like structure is obtained under a rich 
oxygen atmosphere (>5x10
-4
 torr) at 350 °C, as shown in Fig. 5.2c. TEM image in Fig. 5.2f also 
verifies the disordered structure with very small grains embedded in it. The high resolution 
image in the upper inset represents the disordered structure in most part of the film. Very small 
-Fe2O3 grains were formed after deposition at lower deposition temperature, so that the film 
showed a disordered structure. The selected area diffraction (SEAD) for the circled larger grain 
demonstrates -Fe2O3 inside this disordered structure. After deposition at a higher temperature 
(500 °C), hematite phase (-Fe2O3) structure appears in the XRD spectra (Fig. 5.2d). The 
saturated magnetization study displayed in Fig. 5.2e further confirms the phase transition with 
the oxygen partial pressure. The very low pressure product showing small magnetization around 
30emu/cc is due to the small quantity of ferromagnetic Fe and the majority of the paramagnetic 
FeO phase. Fe3O4 phase shows the maximum magnetization (330emu/cc) for b. The disordered 
structure formed at high pressure on glass substrate shows a very small magnetization, as 
expected by antiferromagnetic -Fe2O3. In addition, resistivity of the iron oxide film deposited at 
higher partial pressure reached a high level (similar to that of the high resistivity of -Fe2O3. The 
results have shown that the disordered structure should have a similar composition and structure 
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of -Fe2O3. Iron oxide films deposited on (110) SiO2 or (0001) Al2O3 had similar results as those 
deposited on glass substrates. 
 
Figure 5. 2. XRD spectra of the iron oxide thin films (20 nm) deposited on glass substrates 
under different oxygen partial pressures: a) 2x10
-6 torr at 350 ˚C, b) 2x10-5torr at 350 ˚C, c) 2x10-
3torr at 350 ˚C and d) 2x10-3 torr at 500˚C. e) The magnetization trend of the films in a, b, c, d, 
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respectively; f) TEM image of iron oxide thin films deposited in 2x10
-3torr, 350 ˚C 
(corresponding to XRD spectrum in Fig. 5.2c)). 
 
Different phases between FeO, Fe3O4 and α-Fe2O3 formed on substrates such as glass, (0001) 
Al2O3 and (110) SiO2 can be easily distinguished from XRD spectra when grown at different 
atmosphere, nevertheless, the XRD spectra of different oxide phases on (001) and (110) MgO 
substrates are not that distinct since the crystal structures of maghemite (γ-Fe2O3) and magnetite 
(Fe3O4) are quite similar (lattice parameters are 0.8396 nm and 0.8352 nm, respectively). The 
epitaxial relation between the spinel iron oxide films with the MgO substrates makes the peaks 
of iron oxide film overlap with the MgO peaks, no matter what the deposition atmosphere is. Fig. 
3a showed the XRD spectra of the iron oxide films deposited on (001) MgO substrates at 350 ˚C 
with oxygen partial pressure 1x10
-3
 torr. The overlapped peaks of iron oxide films can be 
distinguished in the small scale in the inset of Fig. 5.3a. (Similar results are obtained on (110) 
MgO substrates, as shown in Fig. 4a.) XRD φ scans were employed in order to investigate in-
plane alignment of the film. As shown in Fig. 5.3b,  the (115) reﬂection of the iron oxide spinel 
structure peaks appear every 90° at the same angle of the (001) MgO substrate (2 peaks every 
180° on 110 MgO, not shown), which indicates an epitaxial relationship between iron oxide 
(Fe3O4 or -Fe2O3) and (001) MgO. In addition, the epitaxial relationship is determined to be 
cube on cube relation between iron oxide and MgO, which is iron oxide (4 0 0)[0 0 1]MgO(2 0 
0)[0 0 1] and iron oxide (4 4 0)[0 0 1]MgO(2 2 0)[0 0 1]. However, the XRD spectra of the 
sample with low partial pressure (2x10
-6
 torr) are almost the same as what displayed in Fig. 5.3 
and Fig. 5.4a. The possible phases of the iron oxide on MgO substrates deposited at different 
partial pressures cannot be determined by XRD spectra only. 




Figure 5. 3. a) XRD spectra of iron oxide thin film grown at 350 °C with oxygen pressure 1x10
-3
 
torr onto (001) MgO substrate; insets are the small scale spectra. b) Phi scan of the iron oxide 
thin film grown at 350 °C with oxygen pressure 1x10
-3
 torr on (001) MgO substrate. 
 
Figure 5. 4. a) XRD spectra of iron oxide thin film grown at 350 °C with oxygen pressure 1x10
-3
 
torr onto (110) MgO substrate; insets is the small scale spectrum b) the small scale spectra of 
(220) peak of γ-Fe2O3 films with various thickness. 
 
In order to clarify the chemical states of the iron oxide in the epitaxial films, the Fe 2p core level 
was analyzed by XPS. The X-ray resource in XPS is Mg Kα, and the binding energy of Fe 2p 
spectrum is calibrated by the binding energy C1s (284.5 eV). The most reliable features of 
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identification of the Fe-oxidation state are the satellite structures due to charge transfer 
screening.[10] The satellite binding energy position of Fe 2p3/2 for different Fe oxidation states 
(+2 or +3) is 715 eV and 719 eV, respectively. Hence, the corresponding satellite structure can 
be easily separated to distinguish between Fe3O4 and Fe2O3. It is to note that both -Fe2O3 and -
Fe2O3 have nearly the same spectrum. Fig. 5.5 show the XPS spectra of the two selected samples, 
namely iron oxide film with a thickness of 20nm deposited onto (001) MgO substrate at an 
oxygen pressure of 2x10
-6
 torr (Sample 1) and at 1x10
-3
 torr (Sample 2), respectively. For 
Sample 1 (Fig. 5.5a), the overall line shape is in good agreement with that reported for magnetite 
(Fe3O4).[11] Being the mixed state of FeO and Fe2O3, the spin–orbit splitted Fe 2p peaks are 




 in Fe3O4. By calculating from the 








was found to be 2:1, as 




main peaks of (Sample2) are clearly accompanied by satellite structures on their high binding-
energy side, with a relative shift of about 8 eV. The binding energy of 711 eV for the Fe 2p
3/2 
main peak is consistent with typical values for the ferric oxides reported in the literature.[12] 
 
The above feature is well expected for Fe2O3 (α-Fe2O3 and γ-Fe2O3).[12] Based on our XRD and 
VSM results, we can conclude γ-Fe2O3 for Sample 2. 




Figure 5. 5. XPS spectra of the iron oxide thin films on (001) MgO substrates deposited under 
different oxygen partial pressure: a) 2x10
-6
 torr (Fe3O4); b) 1x10
-3
 torr, (γ-Fe2O3). 
 
Magnetic zero-field cooling (ZFC) and field-cooling (FC) curves of the two samples above are 
displayed in Fig. 5.6a and Fig. 5.6b. Bulk Fe3O4 magnetite undergoes the characteristic Verwey 
transition (Tv) around 120 K, manifested most distinctively by a metal-insulator transition on 
cooling.[13] This feature can be also manifested in Fe3O4 as an anomaly in the magnetization. 
[13]As displayed in Fig. 6a, Tv lying in the range 115–119 K can be observed for Sample1 is 
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expected for magnetite thin films. [13] The Verwey transition becomes slightly smeared out and 
Tv is shifted to lower values with decreasing the thickness in good agreement with previous 
studies. [16] However, the transition is not present in (Sample 2) (Fig. 5.6b). 
 
Figure 5. 6. Temperature dependence of magnetization after cooling in zero field (ZFC) and in a 
field of 500Oe (FC) of a) iron oxide thin films deposited at 2x10
-6
 torr (Fe3O4) and b) 1x10
-3
 torr, 
(γ -Fe2O3) on (001) MgO substrates.  
 
In this work, we have studied transport and magnetic properties of all the resultant iron oxide 
films.  The results were used in our phase analysis (Fe3O4, -Fe2O3 and -Fe2O3). Bulk magnetite 
is a magnetic semiconductor. The resistivity is about 0.005Ω.cm[17] with a saturation 
magnetization of 471emu/cc.[18] The hematite α-Fe2O3 is insulating (>10
5 Ω.cm) [19] with a 
very low value of magnetization (as α-Fe2O3 is antiferromagnetic). The maghemite (γ-Fe2O3) is 
also insulating (10
2~4 Ω.cm) [8,9] and its saturation magnetization is about 400emu/cc.[18] The 
typical values of the resistivity and saturated magnetization for evaluating the different phases 
are provided in Table 5.1. Fig. 5.7 shows resistivity and the saturated magnetization of iron oxide 
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thin films (deposited at 350˚C, 20 nm) on (001) MgO in dependence of oxygen partial pressure. 
In the combination with other measurements (XRD, magnetic and XPS), the resistivity 










 torr.  The sharp decrease in magnetization and increase in resistivity agrees 




Figure 5. 7. Resistivity (left, red) and the saturated magnetization (right, black) of iron oxide 
thin film (20 nm) grown at 350 °C onto (001) MgO substrate in dependence of oxygen pressure.  
 
Fig. 5.8 shows resistivity and saturation magnetization of iron oxide films (20 nm) deposited on 
(001) MgO substrate under a partial pressure of 1x10
-3
 torr in the dependence of deposition 
temperature.  Rapid increase of resistivity and decease of magnetization are found in the 
deposition temperature range of 400-500 °C.  These results show the phase transformation from 
-Fe2O3 to -Fe2O3 at higher deposition temperature, as shown in Fig. 5.1 for iron oxide thin 
films deposited on (001) and (110) MgO substrates. 




Figure 5. 8. Resistivity (left, red) and the saturated magnetization (right, black) of iron oxide 
thin film (20 nm) grown with oxygen pressure 1x10
-3
 torr onto (001) MgO substrate in 
dependence of deposition temperature. 
 
In order to understand the growth mechanism of epitaxial Fe3O4 and γ-Fe2O3 on (001) and (110) 
MgO substrates, thickness dependence study of the magnetic moment was carried out. The 
results of saturation magnetization are shown in Fig. 5.9 (in units of emu per volume and emu 
per unit area, respectively). Under the deposition condition (deposition temperature = 350°C and 
the oxygen pressure = 1x10
-3
 torr), 20-nm iron oxide film is of the single phase of -Fe2O3, as 
shown in Figs. 5.1, 5.7 and 5.8.  The thinner -Fe2O3 films possess a high value of saturation 
magnetization. The enhanced saturation magnetization of 489 emu/cm
3
 (compared to 400 
emu/cm
3
 for bulk -Fe2O3) is certainly promising for spin filter and other applications.  When 
thickness exceeds 50 nm, magnetization continuously decreases to a very low value when film 
thickness reaches 300 nm.  As shown in Fig. 5.4b, the XRD intensity of the -Fe2O3 (220) peak 
decreases with increasing film thickness and becomes very broad and weak for films with a 
thickness of 100-200 nm.  The -Fe2O3 (220) peak was not detectable for the film of 300 nm.  
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TEM study indicated a disordered structure of -Fe2O3 phase.  As shown in Table 5.1, both 
resistivity and magnetization values of the 300-nm film are well expected for -Fe2O3, 
confirming the formation of -Fe2O3 in films with larger thicknesses.  If magnetization is plotted 
in the unit of emu/cm
2
 (moment per unit area), the value remains as a constant for the thickness 
range of 50 to 200 nm, and decreases to very low value for film thickness = 300 nm (Fig. 5.9a).  
These results indicate that a mixture of -Fe2O3 and  -Fe2O3 exists when film thickness exceeds 
50 nm, and that the film is of the single -Fe2O3  phase when film thickness reaches 300 nm. 
 
Figure 5. 9. The saturated magnetization of iron oxide films with varied thicknesses deposited at 
350 °C onto (001) MgO substrate with oxygen partial pressure 1x10
-3
 Torr; magnetization per 
volume(left, blue), magnetization per area(right, cyan) 
 
Fig. 5.10 shows the TEM image of the 80 nm -Fe2O3 thin film deposited at 350 °C on (110) 
MgO substrate under the oxygen pressure = 1x10
-3
 torr. The corresponding high resolution image 
of the film at interface, film in between (less than 50nm) and near the surface (>50nm) are 
displayed in Fig. 5.10b, Fig. 5.10d, and Fig. 5.10c, respectively. It can be seen that the film is 
very uniform and is crystallized in epitaxy with the substrate within ~50nm. The live fast Fourier 
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transformation (FFT) pattern also verified the high quality single crystal nature of the film below 
50 nm. However, when the thickness exceeds 50nm, some disordered structure is formed. From 
the high resolution image in Fig. 5.10c, we can see that the disordered structure appears which is 
quite analogous to the TEM image displayed in Fig 5.2f, which is in consistent with the 
reduction of XRD intensity and the degraded magnetization. This provides the direct proof of 
that the epitaxial growth of the -Fe2O3 thin film on (110) MgO substrate are achieved and can 
be maintained up to 50nm under certain deposition atmosphere.  
 
Figure 5. 10. a) TEM image of 80 nm γ-Fe2O3 thin film deposited at 350 °C on (001)MgO 
substrate. The corresponding high resolution TEM image of the film at b) interface, c) near 
bottom (<50nm), inset is the live FFT (Fast Fourier transform) pattern, d) near the surface 
(>50nm). 
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Fig. 5.9b shows magnetization of iron oxide films deposited under 2x10
-6
 torr and at 350 °C, 
whereas Fe3O4 magnetite phase is expected (as shown in Figs. 5.1 and 5.7). In sharp contrast, the 
area magnetization of the Fe3O4 keeps increasing with the thickness which demonstrates that the 
whole films are contributed to magnetization. The volume magnetization of Fe3O4 also increases 
with thickness until it is close to the bulk value. Reduced magnetization has been found in 
thinner Fe3O4 films (Figs. 5.7 and 5.9b), probably due to large density of Anti-Phase boundary in 




In conclusion, this work has studied phase formation and substrate effect of iron oxide films.  
The purpose is the synthesis of high-quality -Fe2O3 thin films, which are promising as spin filter 
and in other applications.  In general, Fe3O4 can be formed at lower oxygen partial pressure, 
while high oxygen partial pressure benefits the formation of the thermodynamically stable -
Fe2O3 phase. MgO has a close epitaxial relationship with the spinel structure (Fe3O4 and -
Fe2O3). The interfacial energy enables the formation of -Fe2O3. In this work, we have 
successfully synthesized -Fe2O3 with two different crystallographic orientations ((001) and 
(110)) on (001) MgO and (110) MgO, respectively.  Based on our thickness study, -Fe2O3 starts 
to form, if the film thickness exceeds a certain threshold ( 50 nm). 
 
5.4 Properties of γ-Fe2O3 thin film 
 
We endorse the fact that interfacial roughness has a significant impact on spin filter efficiency, 
[22] and atomic-scale roughness is critical. From the AFM analysis, we generalize that when the 
thin films deposited at lower temperature (<300 °C), the surface morphology is deteriorated. In 
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order to get the high quality γ-Fe2O3 with smooth surface, the deposition temperature was 
optimized to be 350 °C throughout the deposition process. The AFM images in Fig. 5.11 show 
the morphology of the 5nm, 120nm epitaxial γ-Fe2O3 films deposited at 350 °C along with (001) 
MgO substrate. We can see that the films with a 2-dimentional layer by layer growth are even 
smoother than the substrates (rms=2.89 Å). The average roughnesses for the films of 5nm, 20nm, 
50nm, 120nm are 1.67 Å, 1.35 Å, 1.14 Å and 1.02Å, respectively, which are almost in the 
resolution limit of the AFM. In particular, the surface is rather flat for the ultrathin film (5nm) 
which is very promising for 100% spin polarization to the integrated structures in spin filtering 
devices. 
 
Figure 5. 11. Selected AFM images of the a) MgO substrate, b) 5nm, and c) 120nm epitaxial γ -
Fe2O3 films; d) the corresponding rms roughnesses of the substrate and films with different 
thicknesses. 




In many applications of magnetic films, magnetic anisotropy is an important issue.  In this work, 
we have successfully obtained two γ-Fe2O3 orientations, namely (001) and (110).  It is interesting 
to study the magnetic anisotropy of the obtained films. The hysteresis loops of the 20 nm 
epitaxial γ-Fe2O3 films grown on (110) and (001) MgO, in plane and out of plane, are given in 
Fig. 5.12a and Fig. 5.12c, respectively. The magnetic signal of the substrate was subtracted for 
the hysteresis loops. The saturation magnetization of the maghemite (γ-Fe2O3) films is high, 
which is close to the bulk value of γ-Fe2O3 (400 emu cm
−3
). The corresponding in plane angular 
dependence of coercivity (Hc) and remanence ratio (remanent magnetization Mr / saturation 
magnetization Ms) extracted from the hysteresis loops are given in Fig. 5.12b and Fig. 5.12d. It 
can be seen that both Hc and Mr/Ms of the (110) oriented film vary signiﬁcantly with ϕ, the 
rotation angle of the samples with respect to the direction of the magnetic field. A clear four-fold 
oscillation was observed for the (110) oriented film. It can be found for the (110)-oriented film 
that the intervals of peaks in Hc are ~70˚ or ~110˚, which indicate that the easy axis in γ -Fe2O3 is 
[111]. However, the Mr/Ms ratio does not obey the four- fold oscillation. It has the maximum 
value of 0.79 with respect to the (110) and (1-10) planes. In contrast, there is almost no magnetic 
anisotropy in the (0 0 1) oriented film, nevertheless, a slight four-fold oscillation of Hc and 
Mr/Ms was also observed for the (0 0 1)-oriented film, as shown in Fig. 8d. When further carried 
out the low temperature measurement of the hysteresis loops, it was noticed that the saturation 
magnetization was not changed from 5K to 300K for the films. No superparamagnetic 
behavior[5] is observed, which over again demonstrate the purity of our γ-Fe2O3 films. The 
coercivity of the films is increasing with the accumulating of the thickness, and is enhanced with 
decreasing temperature as illustrated in Table 5.1. 




Figure 5. 12. Room temperature hysteresis loops of iron oxide films (20 nm) deposited at 350 °C 
onto a) (110) MgO and c) (001) MgO substrate with oxygen partial pressure 1x10
-3
 Torr; the 
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Table 5. 1. Resistivity of the γ-Fe2O3 of the as deposited thin film and after annealing; thickness 
dependent saturated magnetization and coercivity of the as deposited (350˚ C, 500 ˚ C) and after 
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It is worth to mention that the as deposited (350°C) ultrathin film (5nm) shows a saturation 
magnetization (489 emu cm
-3
) slightly larger than the bulk value. The XPS shows no secondary 
phase such as Fe cluster or anything exceptional for the ultrathin film. The origin of the 
increased magnetic moment needs to be further studied in the near future. Nevertheless, this 
result is of profound significance from the application point of view and demonstrates that the 
precise control of surface and interfaces of γ-Fe2O3 film is essential to control the magnetic 
properties of the epilayers. 
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In order to analyze the stability of the γ-Fe2O3, higher temperature deposition (500˚C) and post 
annealing (500 ˚C, 1 hour) are conducted for the films with different thickness on (001) MgO. 
No obvious changes can be observed from the XRD spectra although the saturated magnetization 
of the γ-Fe2O3 film decreases in thicker films as demonstrated in Fig. 5.9b and Table 5.1.  It is 
worth noting that even deposited at high temperature or post annealing for one hour, the Ms for 
the ultrathin film (5nm) is still maintained and the resistivity has a slight improvement, from 
1.02x10
4 Ω.cm to 1.49 x104 Ω.cm. This indicates the stabilized γ-Fe2O3 phase of the epitaxial 
films on (001) MgO substrate. 
 
It can be concluded that the high quality of γ-Fe2O3 epitaxial thin films with high magnetization, 
high resistivity, and smooth surface are successfully obtained by optimizing deposition 
parameters of the PLD system. This result is of profound significance from the application point 
of view for high spin polarization to the integrated structures in spin filtering devices. 
 
5.5 Summary  
 
In summary, the preparation of epitaxial γ-Fe2O3 films using PLD and the magnetic properties of 
the resultant films are investigated in this chapter. The films deposited on (0001) Sapphire and 
(110) Quartz substrates with an epitaxial corundum structure or an amorphous phase exhibit 
nonmagnetic behavior. In contrast, by precisely control the deposition condition, the films 
deposited on the (001) and (110) MgO substrates display ferromagnetic properties with a 
magnetic moment close to the bulk value of ∼400 emu cm−3 within the error range. The 
magnetic moment for the ultrathin film is slightly larger than the thicker ones, which may be 
attributed to the surface noncompensation of the film. All these films below 50nm are epitaxially 
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grown and have the spinel structure; XPS analysis demonstrates that they are γ-Fe2O3 with 
respect to the ones (Fe3O4) deposited at low oxygen partial pressure.  The obtained ultrathin 
films on (001) or (110) MgO substrates by PLD have a quite flat surface and high resistivity. The 
two γ-Fe2O3 orientations, namely (001) and (110), exhibit different magnetic anisotropy property. 
The spinel structure of the ultrathin γ-Fe2O3 films can be maintained on (001) and (110) MgO 
even if the films undergo a high temperature annealing. The  structure  and magnetic properties  
of  the  obtained  films  are dependent  on  the  substrates, even when prepared under exactly the 
same conditions (temperature and atmosphere). These results indicate that it is possible to 
deposit high quality ultrathin epitaxial γ-Fe2O3 films by PLD, which pave a promising way for 
the applications in spin filter devices. The thermodynamic consideration describing the epitaxial 
stabilization phenomenon is presented for understanding the grown mechanism. This work might 
also make valuable contribution to the application and can be taken for a frame of reference in 
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Chapter 6 Nanocrystalline SrRuO3 thin film and its spin glass behavior    
 
 
6.1 Introduction  
 
Complex transition metal oxides, which comprise a fundamentally intriguing and technologically 
promising family of materials, exhibit a broad range of novel phenomena, such as high Tc 
superconductivity, colossal magnetoresistance, ferroelectricity and ferromagnetism.[1] Among 
these oxides, strontium ruthenate (SrRuO3) is especially attractive, since it is a 4d transition 
metal oxide that exhibits itinerant ferromagnetism and metallic conductivity.[2] The SrRuO3 film, 
with a low resistance and high chemical stability, has been attracting much attention for 
applications as oxide microelectronic devices[3] based on a heteroepitaxial structure consisting 
of perovskite-based ferromagnetic, superconducting, and ferroelectric films. Therefore, precise 
understanding and control of the magnetic properties of SRO thin films are important for 
understanding spin-related phenomena. 
 
SrRuO3 has a distorted perovskite structure with a pseudocubic lattice parameter of 3.93 Å. Bulk 
SrRuO3 possesses a Curie temperature (Tc) of 160 K and a magnetic moment of 1.1–1.6 µB per 
Ru
4+
 ion.[4] Thin films of SrRuO3 have been shown to exhibit surprising properties, including a 
metal-to-insulator transition[5,6] in ultrathin films, Extraordinary Hall Effect,[7]as well as strong 
magnetic anisotropy effects[8] and spin-glass behavior,[9]etc. The tunability of magnetic and 
electrical properties via lattice distortions has been extensively studied in the thin film form. 
Since the carrier mean free path in SrRuO3 is considered to be comparable to its lattice constants, 
even a small disorder modifies its physical properties quite appreciably.[10]It has been reported 
that Ru vacancy can enhance magnetization and increase coercivity.[11]The effect of iron 
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substitution and epitaxial strain are widely studied lately as well. For example, accompanying 
with the structural variation, both the electric and magnetic properties varied by substituting of 
Ca for Sr,[12,13]or substituting of Mn or Cr for Ru.[14,15]Moreover, it is recently reported that 
magnetization can be greatly enhanced in SrRuO3 films through lattice distortions generated by 
epitaxial strain.[16]
 
Besides, the magnetic anisotropy was controlled by strain via tuning the 
thickness of CaHfO3 buffer layer on (001) SrTiO3.[17] Exchange bias-like phenomenon has been 
observed in the polycrystalline films[18] or ultrathin SrRuO3 films with only 2-3 monolayers,
 
[19] 
which is possibly due to spin glass property in the films. 
 
For magnetic applications, coercivity is an important parameter.  In this work, we have studied 
the effect of lattice strain and nanostructure on the coercivity of the SrRuO3 thin films.  High 
coercivity of > 20 kOe has been obtained in nanocrystalline SrRuO3 film with a film thickness of 
60 nm on quartz substrate. Besides, spinglass-like behavior is observed in this nanocrystalline 
SrRuO3 thin film. 
 
6.2 Experimental  
 
The growth of the SrRuO3 thin films was performed by a pulse laser deposition (PLD) system 
with a base pressure of 2×10
-8
 torr. A 248 nm wavelength KrF excimer laser was employed with 
a fixed pulse width 23 ns.  The energy density on the target was kept at approximately 1.9 J cm
−2
. 
The films were grown on z-cut quartz, (001) SrTiO3 and (001) LaAlO3 substrates with a laser 
repetition rate of 5 Hertz to avoid ruthenium deficiency in the SrRuO3 film. In this work, we 
have studied the effect of deposition temperature.  Our work has shown that 600 ºC was required 
for the formation of well crystallized SrRuO3 phase.  Therefore, the deposition temperature was 
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kept to be 600 ºC with an oxygen partial pressure of 30 mTorr. The thickness of the films was 
controlled by adjusting the number of laser shots (deposition time), and estimated using a surface 
profilometer with a resolution of 0.5 nm. X-ray diffraction (XRD), Reciprocal Space Mapping 
(RSM) and transition electron microscopy (TEM) was employed for investigating the crystal 
structure. The surface morphology was characterized by AFM. The in plane resistivity was 
measured by the 4 probe stage. The magnetic properties were studied by superconducting 
quantum interference device (SQUID) system from 5K-300K.  
 
6.3 Structure characterization  
 
Fig. 6.1a shows the XRD spectra of 60-nm-thick SrRuO3 film deposited at 600 °C on (001) 
SrTiO3 substrate. The film is subjected to a compressive stress in the plane which causes the 
peak shifted to a lower value (out of plane expansion) due to the small lattice mismatch with 
SrTiO3 (~0.64% smaller than SrRuO3). The coherent growth of SrRuO3 on (001) SrTiO3 
substrate is evidenced in the Reciprocal Space Mapping (RSM) spectra and high resolution TEM 
in Fig. 6.1b and 1c. The diffraction peaks associated with the substrate and the film should have 
the same value if they are coherently matching but asymmetric peaks will appear when the 
partial relaxation occurs. In this work, the fact that the diffraction peaks of the film and substrate 
line up along the in-plane reciprocal lattice direction QIP (ω) in SrRuO3/SrTiO3 indicates that the 
film is coherently strained to its substrate. All SrRuO3/SrTiO3 samples (up to 60nm) in this study 
were coherently strained as measured by RSM. The epitaxial film (60nm) grown on (001) 
LaAlO3 substrate is examined by XRD and RSM. However, no peak shift of the SrRuO3 was 
observed from the XRD spectra. The RSM spectra display asymmetric spots of the film and the 
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substrate. It is probably that the strain is relaxed very fast for the large lattice mismatch (~3.56%) 





Figure 6. 1. a) XRD spectra of the SrRuO3 film (60nm) grown at 600°C on (001) SrTiO3 
substrate; b) Reciprocal space maps (RSM) spectra and c)The high resolution TEM, along (001) 
of the epitaxial SrRuO3 films grown on SrTiO3 substrate. 
 
Fig. 6.2a shows the XRD spectra of 60-nm-thick SrRuO3 films deposited on z-cut quartz 
substrate at 600 °C. The (110) preferentially oriented polycrystalline SrRuO3 thin film can be 
obtained. Small (200) and (211) peaks can also be detected from the XRD spectra. The crystal 
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size can be estimated to be around 20nm with the Scherrer equation: D=0.89λ/(Bcosθ), where D 
is the grain size, λ is the wavelength, B is the full-width-half-maximum and θ is the diffraction 
angle. By analyzing the XRD spectra, no peak shift comparing with the standard PDF card was 
found, indicating that no strain was found in the polycrystalline thin films (60nm) on quartz 
substrates. Fig. 6.2b and 6.2c exhibit a bright field TEM image and a dark field image of the 
same area of the SrRuO3 film (60nm) grown on quartz substrate at 600°C, respectively. The 
related selected area diffraction pattern displayed in inset Fig. 6.2b confirms the nanocrystalline 
nature of the thin film. From the TEM image, the grain size is estimated to be 20 nm for the thin 
film, in accordance with the XRD analysis. 
 
Figure 6. 2. a) XRD spectra of the SrRuO3 film (60nm) grown at 600°C on z-cut quartz; b) TEM 
bright field image and related SAED pattern of the SrRuO3 film on quartz; (c) dark field image 
of the same area. 
 
Fig. 6.3 shows the AFM images of SrRuO3 films (60nm) grown on z-cut quartz and (001) SrTiO3 
substrates on 2x2 µm
2
 area. The surface morphology of the film on quartz substrate displays a 
3D-like island growth with a root-mean-square roughness of the film surface 1.15nm, but the 
film on (001) SrTiO3 substrate shows two-dimensional layer-by-layer growth, besides, the films 
grown on (001) SrTiO3 substrate were atomically smooth and the surface roughness (rms) were 
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found to be 0.42nm. This indicates that the film surface and the growth mode were greatly 
affected by the substrates. The polycrystalline SrRuO3 film grown on quartz substrate with grain 
size around 20nm was also evidenced from the AFM image. 
 
Figure 6. 3. AFM images of the nanocrystalline and epitaxial SrRuO3 thin films deposited on z-
cut quartz (a), and SrTiO3 (b) substrates. The corresponding root-mean-square roughness of the 
films (2µm x 2µm) are 1.15nm, 0.42nm, respectively. 
 
6.4 Magnetic and transport properties 
 
The SEM-EDX results indicate that the samples grown on all the substrates were of the SrRuO3 
phase without any measurable impurity phases. The Sr/Ru ratio is almost 1:1 in any cases. The 
resistivity of SrRuO3 films on (001) SrTiO3 or (001) LaAlO3 substrates at room temperature is 
around 220 µΩ.cm, which is close to the bulk value (150-200 µΩ.cm). The resistivity of the 
polycrystalline films grown on z-cut quartz substrate decreases with the increasing deposition 
temperature from 3.4K µΩ.cm (250°C) to 290µΩ.cm (600°C) for the films with a thickness of 
60nm. The resistivity of polycrystalline SrRuO3 films deposited at 600°C (around 290 µΩ.cm at 
room temperature) is higher than that of the films on (001) SrTiO3 or (001) LaAlO3 substrates. 
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The polycrystalline nature and small grain size of the SrRuO3 film grown on quartz substrate 
may have resulted increased resistivity for the increased carrier scattering at the grain boundaries.  
 
Fig. 6.4 displays the in plane and out of plane hysteresis loops taken at 5K of the polycrystalline 
SrRuO3 films (60nm) on quartz substrate and of the epitaxial SrRuO3 film on (001) SrTiO3 
substrate. As it can be seen, a uniaxial out of plane anisotropy has been observed irrespective of 
the orientation of the films. The very large out of plane coercivity (2T) is observed at 5K in the 
polycrystalline film, which is much larger than the epitaxial film grown on SrTiO3 and LaAlO3 
substrates (~0.46T, as shown in Fig. 6.4b) and that reported by others.
 
[21] The large coercivity 
in the strain relaxed polycrystalline film has possibly associated with the nanocrystalline nature 
of the film which is evidenced in TEM and AFM examination. The magnetization value for all 
the films are in agreement with reported bulk measurements. The polycrystalline film (60nm) 
showed a maximum saturation magnetization (Ms) of about 165 emu/cc (~1.1µB/Ru) and the 
fully relaxed 60 nm thick films on LaAlO3 exhibited moments of ~1.1 µB/Ru. However, the (001) 
oriented epitaxial film on SrTiO3 showed higher magnetization (~1.3µB/Ru) than the 
polycrystalline thin film and the fully relaxed film (60nm) on LaAlO3 substrate. This slight 
enhancement of the magnetization may be due to the strain effect in the films grown on the 
SrTiO3 substrate, which is in agreement with the previous report.[16]  As we can see from the in 
plane and out of plane hysteresis loops, there is only one easy axis of magnetization and it is 
always perpendicular to the plane of the film. The in plane hysteresis loop is almost flat with 
none coercivity. The observed strong magnetic anisotropy could be the manifestation of spin-
orbital coupling of ruthenium atoms or due to the strong pinning of the domains perpendicular to 
the film. 




Figure 6. 4. The in plane and out of plane hysteresis loops at 5K of the SrRuO3 thin films 
deposited on z-cut quartz (a), and (001)SrTiO3 (b) substrates, respectively. 
 
Fig. 6.5 displayed the hysteresis loops of the thinner SrRuO3 films deposited on quartz substrates. 
We note that there is a quite small kink in the hysteresis loop in the 60 nm thin film measured at 
5K. The step was greatly enlarged when the film thickness it lower than 10nm, which indicates 
that two magnetic components coexist in the thin film. The soft magnetic component is possibly 
associated with the interface between SrRuO3 and the quartz substrate. The saturated 
magnetization of the ultrathin films (9nm, 1.28 µB/Ru) is slightly higher than the thicker ones 
(60nm, 1.1 µB/Ru), which maybe also related to the large residual strain the ultrathin 
polycrystalline film during the initial growth. In addition, the resistivity of the thinner films also 
increases one order compared with the film with a thickness of 60nm. As we can observe a very 
weak and broad (110) peak with slightly shift in the films with 15 nm thickness (no peak can be 
observed less than 15 nm), which indicates there should be great strain inside the ultrathin film 
(will be fully relaxed when the film is thicker) grown on the quartz substrate. The large 
compressive strain caused by the large lattice mismatch between the substrate and the SrRuO3 
film (-11%) may induce the large strain in the ultrathin film. The larger induced stain in films 
changes the spin-spin coupling through a change in the Ru–O–Ru interatomic distance or 
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bonding angles, consequently resulting in changes in the exchange energy among spins. The 
disorder strongly affects the physical properties of ultrathin SrRuO3 films, resulting in the 
formation of the less conducting layer with a small coercivity and higher magnetization at the 
initial growth stage of ultrathin SrRuO3 films. When the film thickness is increased, the large 
strain will be relaxed very fast because of the large lattice mismatch. 
 
Figure 6. 5. The out of plane hysteresis loops of the SrRuO3 films grown on z-cut quartz with 
different thicknesses, a) 9 nm b) 15nm.  
 
Fig. 6.6 exhibits the out-of-plane FC spontaneous magnetization curves of the SrRuO3 films with 
a thickness of 60nm (circle dot) and 9nm (square dot). The shape of FC curve for the strained 
SrRuO3 film (60nm) grown on (001) SrTiO3 substrate and the relaxed SrRuO3 film (60nm) 
grown on (001) LaAlO3 substrate are similar with the 9nm and 60nm films grown on quartz, 
respectively. The transition temperature (Tc) was found to be 160, 150, 160 and 155K for the 
films of 60nm on quartz, (001) SrTiO3, (001) LaAlO3 substrates and the film of 9 nm on quartz 
substrate, respectively. For the relaxed thin film (polycrystalline film on quartz (60nm) and strain 
relaxed film on (001) LaAlO3 (60nm)) , the Curie temperature is around 160K, which maintains 
the bulk value, but it decreases 10K and 5K when the residual stain exists, in the case of 60 nm 
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films on (001) SrTiO3 and the ultrathin film on quartz substrate, respectively. This is in 
consistent with the previous report that the residual strain inside the film would compress Curie 
temperature of the SRO films. The out-of-plane FC spontaneous magnetization below Tc of these 
films follows the scaling law M =C(Tc –T)β. [22] The best fitting of the M-T curve for the film 
with a thickness 60nm on quartz substrate gives a critical exponent value β =0.37, indicating a 
3D Heisenberg-type ferromagnet (theoretical value of β =0.367).[23] β =0.42 is obtained for the 
60nm film grown on (001) LaAlO3 substrate, whereas β =0.51 and β =0.69 for the films with a 
thickness 9nm on quartz substrate and 60nm on (001) SrTiO3 substrate. As reported 
previously,[24] the deviation from the scaling law is associated with lattice stain and disorder. 
The fitting results have shown that the SrRuO3 films with lattice strain have a relatively large 
deviation from the scaling law.   
 
Figure 6. 6. The Field Cooling (FC) magnetizations as a function of temperature of SrRuO3 
films on quartz substrate with a thickness of a) 60nm and b) 9nm; The solid line on FC 
magnetizations is the curve fitted with M ∝ (Tc –T)β. 
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Based on the experimental results, we may conclude that the strain relaxed SrRuO3 films (60nm) 
with a nanocrystalline structure preserve a saturated magnetization of 1.1 µB/Ru
4+
 (Tc=160K) 
and an enlarged coercivity of 2T. However, the coercivity of the strained thinner film on quartz 
substrate or the strained epitaxial films on SrTiO3 substrate is all much smaller than this value. 
This is probably due to the relaxed strain of the polycrystalline thin film on quartz substrate. By 
further analyzing the strain free epitaxial film on (001) LaAlO3 substrate, we may get a hint that 
the strain play a less important role in determining the large coercivity of the SrRuO3 thin film 
on quartz substrate but the nanocrystalline nature takes the primary action leading to the 
enhancement of the coercivity of the thin film on quartz substrate. 
 
The films with large out of plane coercivity may be of interest for the storage and other 
applications. So we carry on some further analysis of the thin film. Fig. 6.7 shows the 
temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) magnetization with 
different fields applied out of plane. The out-of-plane ZFC magnetization reveals three 
characteristic features: a critical temperature Tc, an irreversibility temperature Tg, where the ZFC 
and FC branches coalesce, and a pronounced cusp which varies with field. According to Edwards 
and Anderson,[25] the latter one is because of the interaction of the spins dissolved in the matrix, 
as a result there is no mean ferro- or antiferromagnetism, but there will be a ground state with the 
spins aligned in definite directions. At low magnetic fields (100 Oe), the cusp is around 112 K 
(freezing temperature). The cusp shifts to the lower temperature side with the increase in the 
magnetic field. The cusp temperature under different magnetic fields obeys the relationship HAT 
(T) ΔJ ∝ (1−T/TF)
3/2
. [26]The curve of H
2/3 
vs T is shown in the inset of Fig. 6.7, which well 
describes the Bloch’s law, implying the dominance of spin wave excitation on magnetization as 
expected for a Heisenberg ferromagnet. The field dependence of Tg (H), which increases with 
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field, is the most important characteristic of spin glasses due to competing interactions because 
of frozen disorders and magnetic frustrations. A spin-glass order parameter can be estimated 
from the field dependence of Tg (H) that vanishes roughly linearly with temperature at freezing 
temperature (TF). The exact nature of frozen disorder and frustration is not quite clear; however, 
possibly spin canting at low temperature might have produced finite spin clusters composed of a 
set of noncollinear ferromagnetically or antiferromagnetically coupled spins, which are 
embedded in the infinite 3D ferromagnetic (FM) matrix. It can be generalized from the FC-ZFC 
curves that the spin-glass behavior is confined within 3T and 160 K. The SrRuO3 in this 
experiment is a nanocrystalline spin-glass (SG) system. The large divarication between ZFC and 
FC M-T curves and field dependent cusp shift in the ZFC curve are obvious evidences of the 
spin glass behavior. This spin-glass property is one of the possible reasons for enlargement of the 
coercivity in the nanocrystalline SrRuO3 film.  
 
Figure 6. 7. Zero Field Cooling (ZFC) curves of 60 nm SrRuO3 film on quartz by applying a 
variety of magnetic fields from 0.01T-3T. The inset shows the curve of the applied field (H) 
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versus the temperature in the cusp (TF) of the ZFC curves as a function of H
23
. The straight lines 
are linear fit to the Bloch’s law. 
 
 
Figure 6. 8. a) The out of plane hysteresis loops of the 60nm SrRuO3 film taken at different 
temperatures (below Tc), b) the elicited variation of Hc and Ms with temperature. 
 
Fig. 6.8a shows temperature dependence of hysteresis loops of polycrystalline SrRuO3 films with 
applied field (B) perpendicular to the plane of the film. The variation of Hc and Ms with 
temperature elicited from Fig. 6.8a is displayed in Fig.6.8b.  
 
6.5 Summary  
 
In this chapter, the SRO thin films (polycrystalline and epitaxial) are deposited on different 
substrates at 600 °C. We have observed greatly enlarged coercivity (2T) in polycrystalline 
SrRuO3 thin films (60nm) grown on z-cut quartz substrate compared to epitaxial thin films on 
(001) SrTiO3 and LaAlO3 substrates (note: SrTiO3 and LaAlO3 are widely used substrates for the 
growth of SrRuO3 thin films, as reported in many publications previously). The average grain 
size of the polycrystalline film estimated from XRD and TEM images is around 20 nm. Thinner 
film blow 10 nm shows that clear two magnetic components (hard and soft) are present. By 
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comparing with the films with different thickness, we may conclude that the disorder associated 
with the substrate interface strongly affects the physical properties of ultrathin SRO films, 
resulting in the formation of the less conducting layer with reduced coercivity by the strain 
induced disorder at the initial growth stage of ultrathin SRO films. The spin glass behavior is 
evidenced from the temperature dependence of zero-field-cooled (ZFC) and field-cooled (FC) 
magnetization with different fields. The enhancement of the coercivity in fully relaxed SRO film 
(60nm) on quartz substrate is possibly associated with the spin glass behavior and 
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7.1 Introduction  
 
The emerging field of semiconductor spintronics seeks to exploit the spin of charge carriers in 
semiconductors. By utilizing both spin and charge properties of electrons, the dilute magnetic 
semiconductors (DMS) can process and store the information simultaneously, which is a 
millstone for electronics and magnetism. In the last two decades, rapid and outstanding progress 
was achieved in several group II–VI and III–V DMS materials, such as Mn-doped ZnSe,[1] 
GaAs, [2]and InAs.[3] The origin and mechanism of ferromagnetism in these DMS materials 
have been well studied and are believed to be free-carrier mediated exchange between magnetic 
ions. However, the Curie temperatures (TC) of these DMS materials are all far below the room 
temperature, which hinders their applications in commercial products. The development of ZnO-
based DMS is has been the hot topic for more than 10 years, for the theoretical predication of 
magnetic ordering above room temperature in ZnO doped with Mn system by Dietl et al.[4] 
However, after decades of investigation by researchers, the ferromagnetic origin is still 
controversial, either from the defect or contamination.  
 
On the other hand, it is widely expected that the semiconductor spintronics can be derived if the 
injection, transfer and detection of carrier spin in the semiconductor materials can be 
accomplished. A theory first proposed by Schmidt et al.[5] pointed out that due to the dissimilar 
materials properties of a metal and semiconductor, an efficient spin injection in the diffusive 
transport regime is difficult. That is because the crystal structures of magnetic materials are 
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usually quite different from that of the semiconductors used in electronics, which makes both 
materials incompatible with each other. The realization of functional spintronics devices requires 
materials with ferromagnetic ordering at operational temperatures compatible with existing 
semiconductor materials.  
 
As mentioned in chapter 1, the magntic oxides/semiconductor (FMO/SC) has attracted great 
interest due to their potentialities for spintronics applications. Some of the magnetic oxides 
(especially half metallic Fe3O4) possess a high spin polarization, and have small conductivity 
mismatch with the conventional semiconductors. Some magnetic oxides with high resistivity 
(spinel ferrites and γ-Fe2O3) may serve as the spin filtering barriers between the electrode and the 
semiconductors. All these have made the investigation of magntic oxides/semiconductor 
(FMO/SC) heterostructures intriguing and promising. Besides, ZnO have considerable potential 
to be used in various fields, such as room-temperature UV lasers, light-emitting diode (LED), 
solar cells, photocatalyst, surface-acoustic wave devices and gas sensors, etc.[6] There has been 
a considerable amount of experimental and theoretical activities focused on ZnO, which promote 
their widespread use in practical industrial applications.  
  
Based on the investigation of some magnetic oxide materials in Chapter 3, Chapter 4, Chapter 5, 
and Chapter 6, we get a feeling that the high quality magnetic oxide films can be obtained with 
careful control the deposition parameters. It is even possible to prepare the high quality films just 
by engineering the strain effect. In this chapter, we prepared some magnetic oxides and ZnO bi-
layers as prototype FMO/SC heterostructures. The microstructure, transport and magnetic 
properties are investigated. 
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7.2 Experimental  
 
The hereostructures are prepared by using pulsed laser deposition (PLD) with a base pressure of 
2×10
-8
 torr. When preparing the ion oxides/ZnO bilayers, the ZnO and Fe2O3 (or CoFe2O4) 
targets were put inside the chamber simultaneously. The beam of a KrF excimer laser (248 nm 
wavelength and 23 ns pulse width) was focused with a lens on the rotated target by sequence. 
During the film growth, the substrate was controlled 350°C, the oxygen pressure was kept 1x10
-6
 
torr for obtaining the high quality Fe3O4/ZnO heterosture, while the oxygen pressure was tuned 
to 2x10
-3
 torr when preparing the CoFe2O4/ZnO heterostructure.  
Likewise, the SrRuO3/ZnO heterostructure are prepared in the same method. ZnO and SrRuO3 
targets were put together inside the chamber. SrTiO3 was chosen as the substrate material. The 
oxygen pressure and temperature were adjusted in order to get an epitaxial heterostructure.  
The thickness of the films was controlled by adjusting the number of laser shots (deposition 
time), and estimated using a surface profilometer with a resolution of 0.5 nm. The structure of 
the prot0type heterostructure was characterized by x-ray diffraction (XRD), reciprocal space 
mapping (RSM) and TEM. The morphology of the films was examined by AFM. The chemical 
state of the thin films was analyzed by X-ray photoelectron spectroscopy (XPS). The magnetic 
properties were studied by superconducting quantum interference device (SQUID) system and 
vibrating sample magnetometer (VSM).  
The following diagrams briefly describe the heterostructures obatained in this chapter: 
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Figure 7. 1. Schematic diagrams of the heterostructures prepared by the PLD system. 
 
7.3 Fe3O4 /  ZnO & CoFe2O4  / ZnO 
 
1)     The XRD spectra of the Fe3O4 (40nm)/ ZnO(30nm) bilayer prepared under oxygen partial 
pressure of 1x10
-6
 torr, at 350°C on (0001) Al2O3 substrate are shown in Fig.7.2. The 2θ range 
from 40-45° was removed from the curves because the intensity of the (0004) Al2O3 peak from 
single crystal sapphire was too strong compared to the film peaks of Fe3O4 and ZnO films. The 
film exhibit a series of reflections from the {111} planes of a spinel structure. The inset is the 
rocking curve for the reflection of (002) ZnO of the films with a thickness of 30nm and that for 
the (111) reflection of Fe3O4. As we can see that the FWHM of the rocking curve for the (002) 
reflection of ZnO is around 0.045°, indicating an excellent (0001)-textured structure of the first 
deposited ZnO film. The FWHM of the rocking curve for the (111) reflection of Fe3O4 is broad 
(2.9°) for the Fe3O4 prepared at lower temperature (150°C) and it is narrowed down with 
increasing the deposition temperature. The FWHM of the rocking curve for the (111) reflection 
of Fe3O4 deposited at a substrate temperature of 350°C is smaller than 1.0°, indicating the good 
crystallinity and excellent (111) textured of the Fe3O4 film. 
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Figure 7. 2. XRD spectra of the Fe3O4/ZnO/Al2O3. The insets are the Rocking corves for the 
reflection of (002) ZnO (red curve) and (111) Fe3O4 (black curve), respectively. 
 
Fig. 7.3 displays the in plane and out of plane hysteresis loops of the Fe3O4/ZnO heterostructure 
prepared at 350°C under an oxygen partial pressure of 1x10
-6
 torr. As it can be seen, the 
magnetization of the Fe3O4 film on the ZnO is around 400emu/cc, which is much higher than that 
of the Fe3O4 film directly deposited on the Al2O3 substrate (310emu/cc). This desirable 
magnetization for the magnetite thin films certificates that it is less possible to have interaction 
between the Fe3O4 and the ZnO layer. The easy axis is along the film plane, which is similar with 
many Fe3O4 films reported by others. 
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Figure 7. 3. In plane and out of plane hysteresis loops of the Fe3O4/ZnO heterostructure. 
 
2)     Fig. 7.4 shows a series XRD spectra of the CoFe2O4/ZnO heterostructure deposited at 
350°C under oxygen pressure of 2x10
-3
 torr on (110) SiO2 substrate. The thickness of the 
CoFe2O4 layer was varied between 20-300nm. They all display the (111) textured structure 
without (311) peaks, since the (0001)-ZnO plane has a similar hexagonal structure as the (111)-
CoFe2O4 plane with a lattice mismatch of 7.8 %, the ZnO layer tends to induce (111)-textured 
growth of Co-ferrite films. The peak shift of the CoFe2O4 can also be found in the CoFe2O4/ZnO 
heterostructure. The strain inside the films can be estimated by the peak shift from the small 
scale of the (333) peaks, which are probably 1.2%. 0.9%, 0.3%, and 0.1% for the 20nm, 40nm, 
120nm and 300nm films.  
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Figure 7. 4. XRD spectra of the CoFe2O4 / ZnO /SiO2, and the enlarged (333) diffraction of the 
CoFe2O4 films with different thicknesses. 
 
The in plane and out of plane magnetic hysteresis loops are measured for the heterostructures 
CoFe2O4/ZnO on SiO2 substrate with different thickness of CoFe2O4. All of them display an out 
of plane anisotropy with a larger out of plane Hc than that from in plane measurement. The 40nm 
CoFe2O4 with a large strain inside the films shows the largest out of plane anisotropy than the 
thicker films. Fig. 7.5 shows the in plane and out of plane hysteresis loops of the CoFe2O4 (40nm) 
/ ZnO bilayer on SiO2 substrate. There is a strong out of plane anisotropy of the bilayer than the 
results got previously from the CoFe2O4 films on glass, SiO2 and Al2O3 substrates. As shown in 
the figure, the out of plane Hc is 12.1 KOe and the in plane Hc is only 0.6 KOe.   
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Figure 7. 5. In plane and out of plane hysteresis loops of the CoFe2O4 (40nm) / ZnO on (110) 
SiO2 substrate. 
 
7.4 ZnO / SrRuO3 
 
The perovskites have remarkable physical properties and have potential in application of novel 
devices. A hetrostructure comprising perovskite and ZnO may exhibit versatile physical 
properties and support the evaluation of its possible application in novel devices. In this section, 
the SrRuO3 films were first deposited on LaAlO3 substrates at 550°C under oxygen pressure of 
20 m Torr. A series of ZnO films were subsequently deposited onto the SRO films, varying the 
preparing temperature from 150 to 500°C. The films were characterized using X-ray diffraction, 
Reciprocal Space Mapping and for its crystallinity.  
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Figure 7. 6. a) XRD spectra of the ZnO/SRO bi-layers on LAO substrates. The SRO bottom film 
was prepared under the same condition (550°C, 20 mtorr).  The ZnO layer was prepared at 
different temperatures. b) The RMS spectra of the ZnO/SRO/LAO.  
 
Fig.  7. 6a displays the XRD spectra of the ZnO/SRO bi-layers on LAO substrates. The 2θ range 
from 46-50° was removed from the curves for that the intensity of the (002) LaAlO3 peak was 
too strong compared to the film peaks of ZnO films. Based on the investigation of Chapter 6, the 
layer of SRO are grown epitaxially on the LAO substrate with the condition of substrate 
temperature 550°C, 20 mtorr. The full width at half maximum (FWHM) of rocking curve for the 
reflection of (002) SRO is only 0.01°, which indicates an excellent texture of the SRO film. The 
XRD spectra of the ZnO are dependent on the substrate temperature. Both the (002) peak and 
(10  0) can be observed when it was deposited at 150° C; the intensity of (002) peak decreases 
while the (110) peak sharpens when increasing the temperature to around 350 °C; only the 
reflection of (11-20) ZnO can be found when raising the deposition temperature to be 500°C. 
This demonstrates that pure a-plane ZnO films can be achieved on SRO (001). Besides, the 
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rocking curves for the ZnO (10   0) peak narrows itself with increasing the deposition 
temperature illustrates the better crystallinity and finally an epitaxially grown (10  0) texture of 
the ZnO films on SRO layer. The FWHM of the rocking curve for (10  0) refelection of pure a-
plane ZnO film is about 0.4°, suggesting that the crystalline quality of the ZnO is good. The 
epitaxial relation between the LAO and ZnO can be briefly described in Fig.7.7. Both the (10  0) 
ZnO and the (002) LAO plane are in a square lattice, the lattice mismatch is 1% in along the 
(10  0) direction and 6% along the (002) direction. The RMS image of the heterostruture in 
which the ZnO was subsequently prepared at 500°C on to the fresh deposited SRO film reveals 
an admirable 3 spot in line with each other, which from (10  0) ZnO, (002) LAO substrate, and 
(002) SRO in the top to bottom sequence. 
  
Figure 7. 7. Schematic illustration of the ZnO (10  0) plane and the epitaxial relation between 
the (11-20) ZnO and (001) SRO bottom electrode. 
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Fig. 7.8 shows the cross section TEM image of the heterostructure ZnO / SRO heterostructure. 
The heterostucture is blessed with a sharp interface without any interlayer. The fast Fourier 
transform (FFT) patterns from each region are shown in the insets of Fig. 7.8, confirming that the 
a-plane ZnO grains are aligned with (0001) and (10   0) along the horizontal direction. 
Consequently, the orientation relationships between ZnO and SRO can be deduced as (11  0) 
ZnO / (100) LAO, (0001) ZnO / (110) SRO, and (10  0) ZnO / (110)SRO. 
 
 
Figure 7. 8. a) Cross section TEM image ZnO/SrRuO3 heterostruture on LAO substrate and  b) 
the corresponding high resolution TEM image of the SRO/ZnO interface, inset is the live FFT 
(Fast Fourier transform) pattern. 
 
The SRO layer possesses a smooth surface as indicated also in Chapter 6. The surface 
morphology of ZnO films in AFM exhibits domain structure in stripe-like shape. A typical 
atomic force microscopy image of an a-plane ZnO film deposited at 500 °C is shown in Fig. 7.9b, 
exhibiting an aggregated stripe-like shaped morphology with the average length of 200 nm. Each 
stripe shaped region consists of a ZnO domain. The root-mean-square surface roughness of the 
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ZnO film is about 2.4 nm. The development of the stripe-like shape domain may be understood 
as the different strain state between the ZnO film with the different directions of the substrate.  
 
Figure 7. 9. AFM image of  a) the SRO films and b) ZnO film deposited on SRO layer at 500°C. 
 
For characterization of optical properties, emissions from the ZnO sample on top of SRO at 
500 °C were measured using PL technique at room temperature. The spectrum in Fig. 7.9 shows 
a strong band-edge emission peak at 3.30 eV of the FWHM value of 142 meV with negligible 
green emission, implying that the quality of the deposited a-plane ZnO is good. Although there 
are stripe-like domains in the formation of a-plane ZnO films on SRO that increase the area of 
domain boundaries, they do not enhance the defect density of deep level states. 
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To summarize this chapter, several magnetic oxide and ZnO bi-layers are formed and their 
structures are investigated by XRD, TEM. The magnetic properties are measured by SQUID and 
VSM. The heterostructures we have obtained ((111) Fe3O4 / (002) ZnO, (111) CoFe2O4 / (002) 
ZnO and (11  0) ZnO/ (001) SRO) are with an excellent crystallinity, sharp interface.  
The magnetic oxide layer ((111) Fe3O4 (111) CoFe2O4) on semiconductor (ZnO) possesses sound 
magnetic properties. Magnetization measurements show clear ferromagnetic behavior of the 
magnetite layers with a saturation magnetization of 380emu/cc at 300 K. The CoFe2O4 layer 
displays a high Ms and a large out of plane anisotropy. All these results are even better than the 
epitaxially grown films as we discussed in chapter 3 and chapter 4. These are very crucial criteria 
for the real applications in the spintrinics devices. The results we achieved here have a profound 
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significance for the future investigation of the heterostructure formation and the device 
exploration.  
The epitaxially grown of non polar a plane ZnO on perovskite SRO opens a window for the 
investigation of hetrostructure comprising perovskite and semiconductor ZnO. These 
heterostructures may exhibit versatile physical properties and support the evaluation of its 
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Chapter 8 Conclusion and Future work 
 
8.1 Summary of results 
 
This thesis mainly have investigated the synthesis, microstructure, ferromagnetic and transport 
properties of some selected magnetic oxide materials, Fe3O4, Co ferrite, MnZn ferrite, γ-Fe2O3, 
SrRuO3, which have recently drawn considerable attention for novel spintronics applications. In 
this thesis, the high magnetization (larger than the bulk counterparts) ferromagnetism is achieved 
in the ultrathin Fe3O4, MnZn ferrite and γ-Fe2O3 films. Nanocrystalline CoFe2O4 and SrRuO3 
films with large coercivity are obtained. It is also provided a detail insight into the strain effect 
on the microstructure and magnetic and transport properties of the magnetic oxide materials. 
Apart from that, some FMO/SC heterostructures are subsequently explored and investigated.  
The results are summarized as below: 
(1) A whole picture of the structure and magnetic properties of half metallic magnetite 
(Fe3O4) thin films deposited on different substrates by PLD in amorphous, textured and 
epitaxial state with different orientations was described. It has been found that strain free 
films on substrates with large lattice mismatch display a strong (111) texture. The large 
substrate induced strain in the epitaxial film significantly affects the magnetic and 
transport properties of the films. Compared with the (111) textured films, significant out-
of-plane magnetization components were observed in Fe3O4/Al2O3 as a consequence of 
the in-plane compressive strain. The large epitaxial strain in the films grown on Al2O3 
films plays an important role in determining the magnetic anisotropy and the magneto-
resistance of the thin film. Furthermore, the ultrathin Fe3O4 (001) thin film on MgO (001) 
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substrate with an in-plane tensile strain displayed an enhanced magnetic moment 
compared with the bulk value. 
 
(2) High quality ion based magnetic spinel ferrites thin films with unique properties were 
achieved in this thesis. We have successfully fabricated and investigated two common 
ion based magnetic ferrite materials, CoFe2O4 and MnZnFe2O4. The texture  formation  
and magnetic properties (magnetization and magnetic anisotropy) are  highly  dependent  
on the residual strain which can be tuned by varying the film  thickness, substrate  
temperature  and  laser  fluence.  By intentionally adjusting the residual strain, the 
epitaxial and (111) textured CoFe2O4 films with high resistivity, smooth surface and 
large perpendicular anisotropy are achieved; the highly textured (311) MnZnFe2O4 films 
with desirable properties are also obtained.  
 
(3) Epitaxial γ-Fe2O3 films with a magnetic moment close to the bulk value of ∼400 emu 
cm
−3 
was achieved onto (001) or (110) MgO substrates inasmuch the substrate template 
effect by precisely control the deposition condition. The magnetic moment for the 
ultrathin film is larger than the thicker ones, which may be attributed to the surface 
noncompensation of the film. The two γ-Fe2O3 orientations, (001) and (110), exhibit 
different magnetic anisotropy property. The spinel structure of the ultrathin γ-Fe2O3 films 
can be maintained even if the films undergo a high temperature annealing. The 
thermodynamic consideration describing the epitaxial stabilization phenomenon is 
presented for understanding the grown mechanism. The obtained ultrathin films, both 
ferrites and γ-Fe2O3 have a quite flat surface and high resistivity. These results indicate 
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that it is possible to deposit high quality ultrathin magnetic oxide films by PLD, which 
pave a promising way for the applications in spin filter devices.  
 
(4) The high quality epitaxial and nanocrystalline perovskite SRO films as ferromagnetic 
electrode are obtained. Greatly enhanced perpendicular coercivity over 2 Tesla in 
nanocrystalline SrRuO3 thin films with a thickness of 60 nm deposited at 600 °C on 
quartz substrates  are observed compared to epitaxial thin films on (001) SrTiO3 and (001) 
LaAlO3 substrates. By comparing with the films with different thickness, we may 
conclude that the strain induced disorder at the initial growth stage of ultrathin SRO films 
strongly affects the physical properties of ultrathin SRO films, resulting in the formation 
of the less conducting layer with reduced coercivity. It is shown that a lattice strain may 
also result in reduced Curie temperature and enhanced saturation magnetization. The spin 
glass like behaviors is observed in the nanocrystalline thin films. The augment of the 
coercivity is possibly associated with nanocrystalline nature and the spin glass like 
phenomena in the films. 
 
(5) A variety of heterostructures formed by the magnetic oxides and conventional 
semiconductors (ZnO) are formed. Epitaxial bilayer structures of (111) Fe3O4(0001) /  
ZnOon single crystal (0001) Al2O3 substrates, (111) CoFe2O4 / (0001) ZnO (on single 
crystal (11  0) SiO2 substrates and (11  0) ZnO / (001) SRO on (001) STO substrates are 
achieved. High quality crystalline films with sharp interfaces, and rms surface roughness 
of 0.3 nm were achieved. Our results demonstrate that the magnetic oxide and ZnO 
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system, such as Fe3O4/ZnO and SRO/ZnO is an intriguing and   promising   candidate   
for   the   realization   of   multifunctional heterostructures. 
 
8.2 Recommendations for future work 
 
Based on the substantial experimental results, scientific discussion and conclusions drawn from 
this thesis, several potential directions for future research are presented: 
(1) This work indicated that the strain is an important factor affecting the microstructure and 
ferromagnetic and transport perperties of the magnetic oxide materials, such as 
magnetization, coercivity, Tc, and resistivity, which can all be tuned with a proper strain 
inside the films. This scientific method can be used for achieving other magnetic oxide 
material as well as some magnetic semiconductors (TiO2, ZnO) with desirable magnetic 
and transport behavior by engineering the stain inside the film.  
 
(2) The physics of the high magnetization of the ultrathin spinel ferrite thin films needs to be 
further investigated. The defect state or the magnetic coupling differences caused by the 
internal strain comparing with the thick film or the bulk need to be understood.  It would 
also be interesting to study the magneto-transport properties for the ultrathin films for 
spintronic applications. 
 
(3) The γ-Fe2O3 thin films with high resistivity, high magnetization, and smooth surface are 
obtained. Thus, investigation for its real applications in spintronics devices is able to 
count for the days. In addition, the substrate template effect for deposition of the γ-Fe2O3 
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thin films need to be disseminated to broad applications for achieving some metastable 
but scientific valuable materials. 
 
(4) In this thesis, we just have grabbed a small aspect of the perovskite SrRuO3 thin films to 
investigate. There is still a broad scope of the research gaps to be fulfilled. The strain 
state and the disorder at the initial growth stage of ultrathin SRO films of the epitaxial 
films with different orientations are rewarding to be further investigated. The precise 
understanding and control of the magnetic properties of SRO thin films are important for 
understanding spin-related phenomena. This will be extremely beneficial for analyzing 
the heterostructures consisting of perovskite-based ferromagnetic, superconducting, and 
ferroelectric films in the future.  
 
(5) As  also  shown  in  the  thesis,  excellent (0001)ZnO/(111)Fe3O4, (0001)ZnO/(111) 
CoFe2O4  films combining spinel  ferrites and ZnO were achieved. Thus, it may be of 
great interest for carry on the investigation on the magnetic tunnel junction, the room 
temperature spin filter devices, and other magneto-electronics devices in the future. 
 
(6) As the (11  0) ZnO/(001) SRO are successfully obtained in this work, this will bridge the 
investigation between the perovskite materials and ZnO which circumvented by the 
epitaxial relation. In the future, a variety of heterostrutures formed by the perovskite half 
metallic LSMO, multiferroic BFO composited with ZnO with novel properties worth 
investigating.  
 
